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CHAPTER - I 
INTRODUCTION 
1 . 1 A General Perspective 
Geological history of the Early Earth can be unravelled 
through a systematic detailed study of the Archaean 
greenstone/schist belts (henceforth referred to as schist belts, 
following Radhakrishna and Naqvi, 1986), which have developed in 
all major cratons. With the accumulation of new data, it is now 
largely believed that the development of granite-greenstone 
terrains has taken place in a variety of tectonic environments 
(West, 1980; Condie, 1981; Goodwin, 1991) and is characterized by 
rock types representing platformal, MOR and active/destructive 
plate margin tectonic settings (Goodwin, 1977, 1991; Fyfe, 1980). 
Genesis and nature of continental crust has remained one of the 
most controversial and sought after aspects in the evolutionary 
history of the Earth (Rogers, 1986, 1990, 1992; Jacobsen, 1988; 
Dia et al., 1990; Feng and Kerrich, 1990; Naqvi, 1990; McLennan 
and Taylor, 1991; Kroner and Layer, 1992). One of the momentous 
events in the evolution of the Earth and a characteristic feature 
of the greenstone belts is the deposition of the "BANDED IRON 
FORMATIONS" (BIFs). The significance and importance of BIFs in 
the crustal evolution processes and the tectonic setting and 
development of greenstone belts has not been fully understood as 
yet. However, during the last few years, some BIFs of the 
Archaean greenstone belts have been studied in some detail 
(Barrett et al., 1988; Dymek and Klein, 1988; Jacobsen and 
Pimental-Klose, 1988; Derry and Jacobsen, 1990; Khan et al., 1992; 
Gnaneshwar Rao and Naqvi, 1993; Manikyamba and Naqvi, 1993a; 
Manikyamba et al., 1993). 
Inspite of the above studies BIF remains as one of the most 
important and enigmatic rocks of the Earth's geological past. 
They form an important component of Archaean schist belts all over 
the world and occupy a unique position in Archaean sedimentation 
history, as they have no modern analogue (Cloud, 1983; Dymek and 
Klein, 1988; Khan et al., 1992), The BIF deposition is restricted 
in time and space. Middle Archaean and early Proterozoic are two 
major peak periods for the deposition of BIF (Gole and Klein, 
1981; James, 1983; Walker et al., 1983; Fig. 1.1 A and B). In 
addition to these two very prominent and widespread depositional 
events of BIF, other significant depositional episodes are 
recorded between 2600-2900 Ma as well as between 450-750 Ma. The 
oldest BIF is found in the Isua supracrustal rocks of Greenland 
which occurs interbedded with quartzite, one of the oldest rocks 
of supracrustal origin (Allaart, 1976; Appel, 1983; Dymek and 
Klein, 1988). The youngest BIF deposit is of the Altai region of 
western Siberia and eastern Kazakhstan, with an assigned age of 
about 380 Ma (Kalugin, 1973). BIF of early Palaeozoic age has 
also been reported from Nepal and elsewhere (O'Rourke, 1961). 
Virtual confinement of BIFs in space and time has made them 
extremely useful for the understanding of the Precambrian exogenic 
processes and the atmospheric-environmental changes that occurred 
during the early history of the Earth. They have been extensively 
used to support the models of atmospheric and hydrospheric 
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I.IA. Schematic diagram showing relative abundance of 
Precambrian BIFs against time. The sharp curve 
represents the BIF based on the concept that the 
major basin containing Proterozoic iron formations 
may have been approximately coeval. The broad, 
lower curve takes account of (a) recent isotopic 
age dates which indicate that the basins containing 
major iron-formation were not coeval, and (b) the 
number and extent of BIFs in the Archaean (after 
Gole and Klein, 1981 ) . 
I.IB. Estimated abundance of iron-formation deposited 
through time. Horizontal scale is non-linear, 
approximately logarithmic; range 0-15^^ tonnes 
(after James, 1983) . 
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evolution (Cloud, 1973, 1983; Nagy et al., 1983; Towe, 1983, 
1990; Walker et al., 1983; Holland, 1984; Walker, 1987; Derry and 
Jacobsen, 1990; Kump and Holland, 1992; Alibert and McCulloch, 
1993; Morris, 1993; Manikyamba et al,, 1993). 
1.2 Significance. Importance and Objective of the Problem 
There are several major aspects related to the origin and 
evolution of BIF for which no satisfactory and generally agreed 
explanation is available, which has led to considerable debate and 
speculation (James, 1954, 1983; Trendall, 1968, 1983; Trendall and 
Blockly, 1970; Dimroth, 1977, 1986; Cloud, 1973, 1983; Goodwin, 
1973; Holland, 1973, 1984; LaBerge, 1973, 1986; Gross, 1980, 1983; 
Beukes, 1983, 1984; Davy, 1983; Trendall and Morris, 1983; Goodwin 
et al., 1985; Dymek and Klein, 1988; Beukes and Klein, 1990; 
Beukes et al., 1990; Derry and Jacobsen, 1990; Carrigan and 
Cameron, 1991; Khan et al., 1992; Kump and Holland, 1992; 
Gnaneshwar Rao and Naqvi, 1993; Manikyamba et al., 1993; Morris, 
1993). Continued research has only increased the number of 
hypotheses proposed for their origin. The discovery of microbiota 
in the cherts of Gunflint iron formation, Canada (Barghoorn and 
Tyler, 1965) and the availability of new tools for analysis of REE 
and isotopes of C,0,S and Nd in BIF have revolutionized 
scientific thought regarding its genesis and have provided an 
opportunity to test various conceptual models proposed from time 
to time (Jacobsen and Pimentel-Klose, 1988; Fralic et al., 1989; 
Kaufman et al., 1991). However, there is considerable debate 
regarding the sources of FeO, Si02 and O2. It is still an enigma 
how the rhythmic banding and lamination in the BIFs are formed 
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(Morris, 1993) and whether it is due to the direct or indirect 
involvement of some bacteria (LaBerge, 1986; Nealson and Myers, 
1990). It is not clear why the BIFs are mainly confined to rocks 
older than 1.9 Ga and why some anomalous occurrences of deposits 
younger than 1.9 Ga are found (Cloud, 1983). Despite the 
realization of their significance and consequent world-wide 
effort, understanding of major problems regarding the genesis of 
BIF remains extremely limited and the existing database is not 
adequate to arrive at a satisfactory explanation for its genesis. 
The exhalative model (Goodwin, 1956; Gross, 1986; Simonsen, 1985), 
the biological model (Cloud, 1973; LaBerge, 1973, 1986; Nealson 
and Myers, 1990), the continental weathering and leaching model 
(Cullen, 1963; Mel'nik, 1982), the ocean upwelling model (Holland, 
1973; Morris, 1986, 1993), the evaporation model (Trendall and 
Blockley, 1970; Trendall, 1973; Garrels, 1987) the dust storm 
model (Carey, 1986) and the geochemical model (Drever, 1974) 
require reexamination of the field association, mineralogy, 
chemistry and lithology. REE and other geochemical data from the 
hydrothermal vents at the East Pacific Rise (EPR) and the Red Sea 
(RS) have provided a constraint on the source of FeO and Si02 
(Barrett et al., 1988; Derry and Jacobsen, 1990). A few years ago 
neither microfossils nor stromatolites were found in Archaean 
BIFs. However, in recent years such structures have been 
recognised in BIF of Sandur (Naqvi et al., 1987), Transvaal (Klein 
et al., 1987) and Michipicoten (Hofmann et al., 1991) basins. 
Also, since large quantities of organic matter are often found to 
be interbedded with these rocks, it is believed that biogenic 
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processes had played an important role in precipitating BIF. A 
close relationship exists between the photosynthetic generation of 
free O2 by some microorganisms and BIF precipitation. However, 
two other abiotic sources of oxygen are also advocated. One of 
these is the photodissociation of water vapour by solar UV 
radiation (Canute et al., 1983 and references therein), which is 
followed by atmospheric oxygen diffusion into primitive ocean 
waters. The second is that the early ocean had an intrinsic 
oxidizing capacity due to the radiolysis of water induced by 
ionizing radiation of potassium-40 (Draganic et al., 1991). But 
the oxygen production by these two abiotic processes is too small 
and is unable to explain the huge BIF deposits of Hamersley and 
Bababudan basins formed in a very short period. 
Studies in India have mainly centred around the economic 
aspect of iron ores, while geochemical and genetic aspects of BIFs 
have seldom been attempted and the information is sporadic in 
nature (Majumder et al., 1984; Chakraborty and Majumder, 1986; 
Devaraju and Laajoki, 1986; Appel and Mahabaleswar, 1988; 
Basavanna and Mahabaleswar, 1988; Gnaneshwar Rao, 1992; Khan et 
al. , 1992; Manikyamba et al., 1993). In India BIFs mainly occur 
in three different types of geological settings and associations; 
(1) BIF associated with platformal-arenite, stromatolitic-
carbonate and Mn-forraation formed mainly on shallow shelf 
(carbonate and oxide facies), (2) BIF of greywacke association 
formed in slightly deeper part of the basin (oxide facies), and 
(3) BIF of volcanic and volcaniclastic association deposited near 
hydrothermal vents (sulphide and carbonate facies). 
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The BIF of Kushtagi schist belt, one of the least 
metamorphosed belts in the Indian Peninsula, is different from the 
above mentioned settings and is of oxide facies associated with 
basic and acidic metavolcanics. Its northwestern part was once 
blanketed by Kaladgi rocks resulting in the BIFs being absolutely 
fresh. The study of least metamorphosed BIF along with underlying 
basic and acidic metavolcanics provides an excellent opportunity 
to analyse the chemical processes, as a basis for interpreting the 
palaeoenvironmental conditions of deposition and the origin of BIF 
in addition to a broad understanding of tectonic setting of late 
Archaean greenstone belts in general and evolution of Kushtagi 
schist belt in particular. Therefore, BIFs and associated 
volcanics of the Kushtagi schist belt have been studied to 
decipher the (1) source of FeO, Si02, O2 (2) depositional 
environment and tectonic setting and (3) constraints of their 
geochemistry on the Archaean plate tectonic model. 
1.3 Classification and Nomenclature of BIF 
The classification and nomenclature of iron formations have 
been comprehensively summarized by Trendall (1983). In this 
connection, the classification schemes proposed by James (1954), 
Trendall (1968), Gross (1965), Beukes (1973) and Dimroth and 
Chauvel (1973) are of considerable importance. James (1954) 
proposed a four-fold subdivision of the BIF of the Lake Superior 
area on the basis of the dominant original iron mineral, viz., 
oxide, carbonate, sulphide and silicate. The relationship of the 
first three facies was shown to be gradational, deposited 
simultaneously in the shallow, intermediate and deep parts of the 
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basin respectively. The different iron mineral characteristic of 
deposition at these different depths was related to parallel 
depth-related variation in Eh and pH. The silicate facies was 
believed to have a more complex and less precise depth related 
control (Trendall, 1983). He suggested the term "facies" to 
indicate the dominant iron bearing mineral present in a particular 
BIF without relating it to any stratigraphic or intergradational 
relationship between various BIFs. Gnaneshwar Rao (1992) has 
given a comprehensive account of facies variation within the BIFs 
of Chitradurga schist belt. There are certain basins in which the 
proportions of the end members of the facies are much larger 
leading to the concept of mixed facies (Dimroth, 1975). In 
another classification, known as type classification, the term 
Superior and Algoma types were introduced to differentiate between 
the kinds of associated rock in the depositional environment and 
geological settings for the various occurrences of BIFs (Gross, 
1965). These two types, widely used in literature, do not have 
any time connotation. The Algoma type is characterised by banding 
and the absence of oolitic and granular textures, limited lateral 
extent and close association with volcanics and greywackes. The 
carbon and pyrite rich black shales are considered to be 
associated with it. The Superior type is closely associated with 
dolomite, quartzite and phyllite and is laterally very extensive. 
Recent studies, however, have exposed the difficulties in grouping 
iron formations into one or the other category. The late Archaean 
BIFs of Dharwar craton represent the characteristic of both Algoma 
and Superior types. Presence of rhythmic layers and other 
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sedimentary structures have also helped in classifying them into 
Banded Iron Formation (BIF), Granular Iron Formation (GIF) and 
Peloidal Iron Formation (PIF) (Goode et al., 1983). With the 
identification of similarities between limestone and BIF, the 
terms like Fe-rhythmites, Fe-micrites etc. have been coined 
(Beukes, 1980). 
1.4 Methodology 
For a better understanding of the belt and to achieve the 
above mentioned objectives, sampling at various places in the belt 
and geological mapping on the available topographic map has been 
carried out in the central part of the belt on 1:50,000 scale. 
About 200 samples of BIFs and associated metavolcanics were 
collected. Out of these, 80 samples were analysed for 42 elements. 
Major elements and some trace elements (Cr, Ni, Zr) were 
determined by XRF while the remaining trace elements and REE were 
determined by ICP-MS. The oxygen isotopes of 4 pairs of hematite 
and chert were determined by VG Mass Spectrometer. Thin sections 
of the representative samples have been studied under both 
reflected and transmitted light and mineral composition of the 
constituent minerals has been determined by EPMA. The minerals 
present in Shaly Banded Iron Formation were determined by XRD 
method. The data obtained are presented in the following chapters 
and have been used to infer the evolution of Kushtagi schist belt 
and the process involved in the deposition of BIF. 
1.5 Organization of the Thesis 
The contents of the thesis are divided into 12 chapters and 
are organized as follows : 
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Chapter II contains a general reviev; of the Archaean geology 
of the Karnataka Nucleus. 
Chapter III summarises the geology of the northeastern 
Karnataka Nucleus and adjoining schist belts. Special emphasis 
has been given to the Kushtagi schist belt. 
Chapter IV deals with the distribution of BIF in the 
Karnataka Nucleus. 
Chapter V presents the summary of the available information 
and proposed models for the genesis of BIF and the environment in 
which these interesting rocks were laid down. 
Chapter VI is concerned with the details of petrology and 
mineralogy of the constituent minerals of the BIF. 
Chapter VII gives the details of petrological and 
mineralogical studies carried out on associated metavolcanics• 
Chapter VIII provides the summary of the sampling details and 
the analytical techniques and procedure followed for chemical 
analysis. 
Chapter IX presents the geochemistry of the BIF incorporating 
the variation in major, trace and rare earth element abundances. 
Different geochemical diagrams have been used to highlight the 
genetic aspects of BIF, It also deals with the oxygen isotopic 
study of the Kushtagi iron formation. 
Chapter X deals with the geochemistry of metavolcanics of 
Kushtagi schist belt. The main aim of this chapter is to deduce 
the constraints for the basin evolution and determine its tectonic 
setting. 
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Chapter XI provides discussion and synthesis of the results 
presented in chapters 3 to 10 and reconstructs the 
palaeoenvironment of deposition and tectonic setting of BIF in the 
light of Archaean plate tectonics. A model has been proposed for 
the genesis of BIF of Kushtagi schist belt. 
Chapter XII provides a summary of the entire work carried out 
and the conclusions arrived at. 
The field investigation of Kushtagi schist belt suggests that 
this belt is a remnant of some Archaean orogenic belt. Part of 
the original belt is present as an enclave within a sea of 
gneisses and has been intruded by granites. The BIFs present in 
this belt directly overlie the metavolcanics. The basin appears 
to have started as a shallow water intracontinental basin which 
gradually opened up as rift ridge system. This Archaean Mid 
Oceanic Ridge (AMOR) provided FeO and Si02 content of the BIF, 
which, combined with Oo produced by photosynthetic activity near 
shoreline and got precipitated below wave base and photic zone; 
the region of low organic productivity. Increased ridge length, 
high hydrothermal flux and its high exit temperature appear to be 
responsible for bringing such high quantity of FeO and Si02 to the 
Archaean oceans. The FeO and SiOo rich hydrothermal water from 
AMOR were transported to the shallow shelf region due to thermal 
and chemical potential differences. Simultaneously, along with the 
precipitation of iron and silica, terrigenous and volcaniclastic 
sedimentation also took place. The amount of clastic material is 
fairly high in SBIF, whereas it is negligible in CBIF. It suggests 
that the deposition of SBIF took place during regression above 
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wave base and photic zone and during transgression CBIF got 
deposited below wave base and photic zone. The carbonate-BIF-
chlorite schist and volcanic-BIF associations represent the 
opening stage (tensional) of the basin whereas low-Mg volcanic-
rhyodacite association represent the closing stage 
(compressional). This change in tectonic regime is very well 
explained by application of mini plate model and shorter duration 
of Wilson Cycle for the evolution of granite-greenstone belts in 
general and that of the Kushtagi schist belt in particular. 
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CHAPTER - II 
GENERAL GEOLOGY OF KARNATAKA NUCLEUS, DHARWAR CRATON 
2.1 The Dharwar Craton 
The Early Precambrian (Archaean) continental crust of South 
Indian Shield (SIS) is under constant investigation since the 
pioneering work of Newbold (1844) and Bruce Foote (1886). It is 
one of the well studied Precambrian cratonic blocks and probably 
represents a much more evolved stage of cratonization and 
evolution of related biosphere. Geologists with intimate knowledge 
about other Precambrian terrains of the world have been impressed 
with the complexity and variety exhibited by the Precambrian of 
SIS. With advancement in analytical techniques and the available 
knowledge of geochemical and isotopic characters through 
multi-disciplinary activities, we now have a better understanding 
of its geology. Comprehensive geological description of the area 
has appeared during the last few years and has been summarised by 
several workers (Naqvi, 1976, 1981; Swami Nath and Ramakrishnan, 
1981; Divakara Rao and Rama Rao, 1982; Naqvi and Rogers, 1983, 
1987; Pichamuthu and Srinivasan, 1983, 1984; Radhakrishna, 1983, 
1987; Radhakrishna and Naqvi, 1986; Rogers, 1986; Chadwick et al., 
1988; Radhakrishna and Ramakrishnan, 1988, 1990; Srinivasan and 
Naqvi, 1990; Naha et al., 1991). 
The cratonized block of SIS which lies below the Narmada and 
Godavari lineament is known as "Dharwar Craton" (DC). On the 
western side it is bounded by Arabian Sea and in the east and 
south by the Middle Proterozoic Mobile Belt (MPMB) (Fig. 2.1). DC 
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2.1. Generalized geological map of Peninsular India. 
KN-Karnataka nucleus, SN-Singhbhum nucleus, 
JBN-Jeypore- Bastar nucleus, EPMB-Early Proterozoic 
Mobile Belt, MPMB- Middle Proterozoic Mobile Belt 
(after Radhakrishna and Naqvi,•1986). 
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forms a major portion of Dharwar-Singhbhum protocontinent 
(Radhakrishna and Naqvi, 1986). The Karnataka Nucleus (KN) and 
Singhbhum Nucleus {SN) of the Dharwar-Singhbhum protocontinent are 
reasonably well established as the oldest surviving parts of the 
Indian shield with rocks older than 2.5 Ga. A possibly similar 
Jeypore-Bastar Nucleus (JBN) has been identified based on the 
lithologies of the Bengpal, Sukma and Iron Ore Groups of the 
Jeypore-Bastar region (Crookshank, 1963), which are similar to 
those found in KN and SN, but JBN is yet to be established as no 
radiometric age data are available (Radhakrishna and Naqvi, 1986). 
The difference in regional facies in terms of lithology, 
volcano-sedimentary environment, metamorphism of baric types and 
magmatism suggest a possible division of DC into a western and an 
eastern Dharwar craton separated possibly by Closepet Granite 
(Viswanatha and Ramakrishnan, 1975; Swami Nath et al., 1976; 
Rogers, 1986; Naqvi and Rogers, 1987), although the exact dividing 
line between these blocks is uncertain (Swami Nath and 
Ramakrishnan, 1981). The western Dharwar craton is synonymous 
with Karnataka nucleus. 
The DC is essentially a granite-schist/greenstone province. 
It is composed of late Archaean low-grade supracrustal rocks, 
preserved in well defined small to large schist belts, and 
high-grade supracrustals of middle Archaean occurring as small 
schist belts and as inclusions in gneisses. Apart from schist 
belts, it also contains gneisses and granulites. The province 
passes through a transition zone to the high-grade granulite 
region in the southern part of the DC (Allen et al., 1983). The 
15 
craton is partly covered by younger sedimentary and volcanic 
rocks, viz. Cuddapah,, Kaladgi and Bhima Group sediments, Deccan 
basalts, post Cretaceous laterites and Pliocene to Recent coastal 
and river alluvial deposits (Pichamuthu and Srinivasan, 1984). 
2.2 A Brief Review of Archaean Geology of the Karnataka Nucleus 
Karnataka nucleus is an elliptical area west of the Closepet 
Granite with a garland of K-rich granite plutons on at least two 
sides (Fig. 2.2). The eastern margin of KN is uncertain; apart 
from Closepet Granite forming its eastern margin, another possible 
margin is a major shear zone slightly west of the Closepet outcrop 
which has been recognized by Kaila et al. (1979), Drury and Holt 
(1980), Drury et al. (1984) and Naqvi and Rogers (1987). The 
northern extension of this nucleus is covered by Deccan Traps, 
whereas the western part is terminated at a passive continental 
margin developed at the time of the split of the Gondwana 
continent which resulted in the formation of Arabian Sea. Towards 
south, it is transitional into granulite facies assemblages. 
KN is made up of four main rock units, namely, (1) Dharwar 
schist/greenstone/supracrustal suite, (2) Peninsular Gneiss, (3) 
intrusive granites and granodiorites and (4) layered igneous 
complexes. Besides these four main rock suites, undeformed 
sedimentary rocks of middle Proterozoic age, namely, Kaladgis and 
Bhimas are also found in KN. 
2.2.1 Dharwar Schist/Greenstone/Supracrustal Suite 
2.2.1.1 Definition and Hiatorical Review 
A few army officers of the British East India Company 
provided brief traverse notes on the geology of parts of 
16 
2.2. Geological map of Karnataka nucleus showing location 
and correlation of the schist belts (after 
Radhakrishna and Vasudev, 1977). 
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Karnataka. Notable among them are Christie (1836) and Newbold 
(1844). Bruce Foote (1886) discovered schistose rocks near Dharwar 
in Karnataka state and called them "Dharwar System". The "Dharwar 
Schist" of the Dharwar System includes all the volcano-sedimentary 
schistose rocks and is mainly a lithological term. It neither 
indicates its origin nor its age. The gneissic complex with a 
host of small enclaves was termed as the "Fundamental Gneiss", in 
the belief that this group forms the basement on which the rocks 
of the Dharwar System occur unconformably (Bruce Foote, 1886). 
The term Fundamental Gneiss was later renamed as "Peninsular 
Gneiss" (Smeeth, 1916). Jayaram (1922), Rama Rao (1940), 
Ramakrishnan et al. (1976) and Swami Nath et al. (1976) believe 
that gneisses formed the basement for all the schistose rocks. 
Smeeth (1916) was of the opinion that the Dharwar schists 
were intruded by four distinct epochs of granitic activity, namely 
Champion Gneiss, Peninsular Gneiss, Charnockite and Closepet 
Granite. He was the proponent of a strange theory that all the 
Dharwar schists were igneous in character and none was sedimentary 
and there are no rocks older than those in the Dharwar system of 
Karnataka. Sampat Iyengar (1905), based on extensive mapping of 
very large area of Bababudan, Chitradurga and some other belts was 
of different view. The mutual relationship between Dharwar schist 
and the engulfing gneisses is still beset with major 
controversies, (Radhakrishna and Ramakrishnan, 1990; Venkata Dasu 
et al., 1991) . 
The term Dharwar schists of Bruce Foote (1886) is synonymous 
with greenstone belt. However, some workers have emphasized the 
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inadequacy of the term greenstone belt for characterizing the 
essentially schistose and metamorphic status of the supracrustal 
rocks of the Indian Archaean. The term "Supracrustals" includes 
all the meta-sedimentary and meta-igneous (volcanic and plutonic) 
rocks constituting the schist belts irrespective of their size and 
grade of metamorphism. Radhakrishna and Naqvi (1986) have 
suggested that the term "Schist Belt" should be used in place of 
greenstone belts for the Archaean volcano-sedimentary sequences in 
India, as it emphasizes the unique schistose character of these 
belts, whereas the terms greenstone belt, supracrustal association 
and supracrustals are inadequate in characterizing the essential 
schistose and metamorphic status of the supracrustal rocks in the 
Indian Archaean. 
2.2.1.2 Classification and Correlation 
The schist belts of KN are mainly unfossiliferous (no index 
fossil has been established as yet), deformed and metamorphosed to 
various grades. The absence of uniform distribution of primary 
sedimentary and volcanic structures, and scarcity of radiometric 
dates, have made the stratigraphic position of the Dharwar schist 
belts extremely controversial and debatable, thus making it 
difficult to establish an equally acceptable internal primary 
stratigraphy. Recent detailed investigations by several workers 
(Pichamuthu, 1967; Ramakrishnan et al., 1976; Swami Nath et al., 
1976; Radhakrishna, 1983; Pichamuthu and Srinivasan, 1983, 1984; 
Radhakrishna and Naqvi, 1986; Srinivasan and Naqvi, 1990) have led 
to a variety of classifications. Thus, several stratigraphic 
columns have been proposed; some of these are given in Table 2.1. 
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Tablt 2.1 : Classificttion of Buprtcrustal rocki in Dhtrvar Craton, 
Urnataka nucleus. 
Svaii Nath et al., (1976) 
UNCONFORKITY 
Dharwar Chitradurga Group (2.3 - 2.5 Ga| 
Unconforiity 
Supergroup Bababudan Group (2.5 - 2.6 Ga| 
Greenstone belts 
(Upper Archaean) 
UKCONFORMin 
Peninsular 
Gneissic Kigiatites, Gneisses and Granites 
Coiplex 
Sargur Several unclassified groups of 
Supergroup schist belts and enclaves 
High grade schists 
(LoMer Archaean) 
UHCONFORKITY-
(?) Sialic Baseient (?) (as yet undifferen-
tiated froi PGCj 
Naqvi, 1981 
CHITRADURGA 
GROUP 
BABABUDAN 
GROUP 
2.8 - 2.4 Ga Granitic activity. 
Chert, sericitic phyllite, 
•etavolcanics, chlorite schist, 
Greywacke congloterate (LB. Here) 
Greywacke 
Greywacke Congloierate (Aiiangalaj 
Arkose-grit 
Greyuacke Congloierate (Taiya) 
Haldurga Congloierate 
Quartiite (BKQ) 
Argillite schist 
Kafic flows 
Kafic flows with interlayers aiphibole-garnet schist 
Chlorite schist 
Orthoquartzite (fuchsitic at places) 
Basal Congloierate 
-UNCONFORHITY-
JAVANAHALLI 
GROUP 
Dykes 
(ju&rtz veins 
Pegiatites, granites 
Puchsite-quartzite 
Ultraiafic-schist 
Ortho and para aiphibolites interbedded with Carbonate, 
calcsilicates etc. 
Para-gneiss 
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(Tonilitic m d Trondhjeiitic ictivity (3.5 Ga}l 
Dunile, fuchsite quarliite, high M , Kg, sediients 
HOLENARASIPUR Hornblende schist, treiolite-actinolite schist, 
CROUP Serpentinite, Peridotite 
' ? ? B&seienl ? ? ? 
Svaii Nath and Raiakriihnan (19811 
Kaladgi, Badaii and Bhiia Groups 
UNCONFORNITY 
DHARVAR Chitradurga Group 
SUPERGROUP --Unconforiity— 
Bababudan Group 
-UKCOHPORHITY-
PENINSULAR Higiatites, gneisses, 
GNEISS granitoids 
Several unclassified 
SARGUR GROUP associations of 
supracrustal rocks 
8 A S B H B N T N 0 T S E E N 
(3.4 Ga Old Gneisses! 
Pichaiuthu and Srinivasan (1983) 
Chitradurga Subgroup; Greywackes, congloierates, silicic volcanic 
rocks, banded iron foriationi 
Dodguni Subgroup: 
Bababudan Subgroup: 
Quartz congloierates and sandstones, leta-
pelites, carbonates, langanese and iron foria-
tions 
Quartz congloierates and sandstones, basalts 
and rhyodacites, graphitic letapelites, banded 
iron foriations 
Nuggihalli Subgroup: Quartzites, letapelites, ultraiafic/anortho-
sitic intrusive rocks 
Radhakrishna (1983) 
Younger greenstones Quartzose clastic sediie&ti, carbonates, 
(Dharwar type); cherts, iron foriations, basalts and 
rhyolites; includes Shiioga, Chitradurga 
and Sandur basins 
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Ancient supricrustals Nafic/ultraiafic igneous rocks, rare clastic 
(>3,000 i.y.|: sediients; sediients consist of volcanic 
debris or cheiical precipitates; includes 
Holenarasipur, Nuggihalli, Krishnarajpet, 
etc. belts; Javanahalli belt is of saie age 
but contains quartiose clastic sediients 
Ancient supracrustals Occurs in transition tone to granulite facies 
(Sargur type|: at southern largin of craton; lafic/ultraiafic/ 
anorthositic suites, aluiinous letapelites, 
fuchsite quartiites, iron and langanese cherts, 
graphitic schists 
Radhakrishna and Naqvi (1986) 
Date (M.Y.I Event 
Late Archaean 
Invasion of younger granites (K-rich) 
bordering the nucleus. 
2600 Granulite transfonation of older crust 
along the largins of the nucleus. 
Deposition of younger schist belts 
(Shiioga, Chitradurga, Sandur). 
3000-2600 Congloierates, orthoquarttites, lafic 
and felsic volcanic sequences, banded 
iron foriation, greywacke. 
Early Archaean 
3000 Main developient of ligiatitic gneisses 
Biplaceient of oldest tonalite-
3400 trondhjeiite gneisses with enclaves 
of ancient supracrustal sequences. 
Deposition of ancient supracrustal 
>3400 sequences, lafic-ultraiafic volcanics 
and cheiical sediients. 
Baseient predoiinantly lafic crust. 
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The entire succession of the Dharwar schist belt shows 
interfingering stratigraphy with polyphase gneisses resulting in 
many controversies regarding the structure and stratigraphy of the 
belts. Several conflicting models of stratigraphy are proposed: 
1 ) the schist belts represent a group of rocks younger than the 
Peninsular Gneisses and there exists an older Sargur Group which 
is older than the gneisses (Jayaram, 1922; Rama Rao, 1940; 
Ramakrishnan et al., 1976; Swami Nath et al., 1976; Chadwick et 
al., 1981b; Venkata Dasu et al., 1991; Nutman et al., 1992); 2) 
the Dharwar supracrustals and the Sargurs together represent one 
Supergroup which is regarded as pre or syn-Peninsular Gneisses 
(Pichamuthu and Srinivasan, 1984; Srinivasan, 1988; Gopal Rao et 
al., 1989) or post-gneiss (Drury et al. , 1984) and 3) the Archaean 
supracrustals represent belts formed at different periods covering 
a span of at least 800 Ma (3400-2600 Ma), some older and some 
younger than the gneisses, which are themselves polyphase and 
polymetamorphic (Naqvi, 1981; Radhakrishna, 1983; Naqvi and 
Rogers, 1983, 1987). 
With accumulation of new information and new thinking based 
on global analogies, it was gradually realised that all the 
Dharwar schist belts cannot represent one single system and that 
there are geological formations older than the Dharwar rocks 
(Radhakrishna, 1967). Based on detailed petrological and 
geochemical work on Chitradurga schist belt, Naqvi and Hussain 
(1972) opined that the Dharwar rocks of this belt are not the 
oldest in the KN, as was believed the then which was later 
substantiated and established by Viswanatha and Ramakrishnan 
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(1975). These older schistose rocks were designated by Swami Nath 
et al. (1976) as Sargur Supergroup. Since the rock units were not 
classified into different groups constituting a supergroup, the 
status of supergroup was abandoned and the units were called as 
"Sargur Schist Complex" (Viswanatha and Ramakrishnan, 1975). As 
this trinomial nomenclature was not in conformity with the 
provisions of stratigraphic codes, it was finally re-named as 
"Sargur Group" (Swami Nath and Ramakrishnan, 1981). Despite 
considerable uncertainity regarding the classification of 
schistose rocks of KN, they can be divided into two major 
divisions, namely, older and younger. Swami Nath et al. (1976) 
and Ramakrishnan et al. (1976) have designated the younger 
division as "Dharwar Supergroup" and the older pre-basement 
division as "Sargur Group". The unconformity at the base of the 
younger schist belt is a well established and documented 
phenomenon (Venkata Dasu et al., 1991). The "Peninsular Gneiss" 
together with older schist belts and enclaves forms the basement 
to the younger rocks overlying the basal unconformity, marked by 
the uraniferous and pyritiferous conglomerate (oligomictic) 
exposed in the Bababudan, Western Ghats, Chitradurga and Sigegudda 
belts (Arora, 1991). The Dharwar Supergroup is further divided 
into a lower volcanic-rich Bababudan Group and a upper 
shale-greywacke-rich Chitradurga Group (Swami Nath et al., 1976). 
However, in spite of all these attempts to classify the 
Dharwar schist belts, a continuous history of tectonic evolution 
between a period of 800 Ma to 1000 Ma was recognized (Naqvi, 
1981; Pichamuthu and Srinivasan, 1983; Srinivasan and Naqvi, 
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1990), which is substantiated by the same style and sequence of 
multiple deformation in various rock types of KN (Chadwick et ai . , 
1978; Mukhopadhyay, 1986; Naha et al., 1986, 1991). Naqvi (1981) 
has proposed a genetic and sequential five fold classification of 
Dharwar schist belts in which Holenarasipur and Javanahalli Group 
are part of the older schist belts and Bababudan, Chitradurga and 
Ranibennur Group are part of the younger schsit belts. These 
different schistose groups have been intruded by precursors of 
gneisses at different times (Fig. 2.3) and the entire 
interfingering stratigraphic sequence developed through a period 
of 800 Ma, a concept substantiated by available geochronological 
data. It is evident from this model that Dharwar schist belts are 
of varying ages and the precursors of Peninsular Gniess have 
intruded the belts of different ages at different times. Hence, 
any individual belt may be younger than any particular gneiss and 
older than other group of gneisses. 
Preliminary geochronological studies in th« region show that 
a tonalite-trondhjemite crust was formed in this terrain between 
3.3 and 3.5 Ga ago (Beckinsale et al., 1980; Dhoundial et al., 
1987). Most of the schist belts post-dated this event. Although 
Naqvi (1976) has expressed the opinion that some older schist 
belts such as Holenarasipur, Nuggihalli and Sargur could be older 
than 3.4 Ga, unequivocal 3.4 Ga or older ages for the supracrustal 
rocks of these schist belts are yet to be obtained. However, it 
must be noted that the 3.3 to 3.4 Ga tonalite-trondhjemite 
gneisses (grey gneiss) which are found as pebbles in the 
polymictic conglomerates are characterized by REE patterns with 
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2.3. Interfingering sequence model of greenstone belts and 
acid plutons (including precursors of the 
Peninsular gneiss), showing that the Dharwar schist 
belts and acid plutons have formed in five succes-
sive stages. Indirect geochemical evidence 
preserved in the metasediments and 
meta-ultramafites of Holenarasipur Group leads to 
the speculation of a basic ultrabasic lunar type of 
crust as a starting point. Stages I to V indicate 
the development of basins for different successive 
greenstone belts and stage VI denotes the deposi-
tion of Kaladgi sediments. Curved lines indicate 
unconformities. A to E are indicative of succes-
sive emplacement of different acid plutons (after 
Naqvi, 1981). 
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negative Eu anomaly, indicating metabasaltic amphibolite as the 
probable source rock, partial melting of which gave rise to 
tonalite- trondhjemite gneisses (Srinivasan, 1985). Recently, 
Nutman et al. (1992) have evaluated 3580 Ma as the upper age limit 
of Sargur Group. 
The older schist belts, viz., Holenarasipur, Krishnarajpet, 
Nuggihalli, Nagamangala, Sargur and Parampur belts are mostly 
mafic, ultramafic flows consisting of komatiites to basalts, 
showing spinifex texture, and chemogenic argillaceous sediments. 
They are completely devoid of arenaceous sediments provided from a 
source area having free plutonic quartz. These belts contain only 
18 1.3% siliceous sediments (fuchsite quartzite) having 6 0 = +12.5 
indicating that this siliceous material is, in fact, a 
metamorphosed chert (Naqvi et al., 1981). Conglomerates of true 
sedimentary origin are also absent in these belts. The Tattekere 
Conglomerate present in Holenarasipur schist belt is considered by 
Chadwick et al. (1978) to be a sedimentary basal conglomerate, 
while Glikson (1979), and Hussain and Naqvi (1983) advocated for 
its autoclastic nature. Rama Rao (1940) also considered it to be 
an autoclastic conglomerate. 
In the absence of primary sedimentary structure and reliable 
radiometric dates, it is difficult to determine the internal 
primary stratigraphy of these belts. Based on tectonic and other 
considerations, Naqvi (1976) suggested that the mafic-ultramafic 
volcanic rocks are the basal members of this group and are 
overlain by sediments. In contrast, Ramakrishnan and Viswanatha 
(1981) considered the mafic-ultramafic rocks to be intrusive. 
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These older schist belts were intruded by 3.4 Ga old Gorur 
Gneisses near Katya in the western part of Holenarasipur schist 
belt (Beckinsale et al., 1980; Naqvi, 1981). 
The basalt part of the younger schist belts/Dharwar 
Supergroup, designated as Bababudan Group represents stable 
platformal and shelf conditions indicated by quartz-pebble-
conglomerate (QPC) at the base which is followed by mature 
quartzites exhibiting current-bedding and ripple-marks, with BIFs 
at top. These quartzites are interbedded with "within plate" and 
"MORB type" volcanic rocks (Bhaskar Rao, 1980; Arora, 1991). The 
upper part of the younger schist belts, designated as Chitradurga 
Group represents rocks deposited on an active continental margin. 
The common rock type occurring in this group are greywackes and 
greywacke type conglomerates, BIFs, cherts, shales and acid to 
basic volcanics. In this group Mn-formations and stromatolites 
are abundant. The division between Bababudan and Chitradurga 
Group is not unique. Ramakrishnan (1980) divided these two groups 
on the basis of Aimangla, Kaldurga and Talya Conglomerates, where 
as Chadwick et al. (1981a) separated them by a BIF horizon which 
they called as BIF-I. Naqvi (1981, 1983) was of the opinion that 
Chitradurga Group is intruded by 2.6 Ga granites while Bababudan 
Group is intruded by Halekote trondhjemite at Holenarasipur. 
Srinivasan and Sreenivas (1972) suggested the existance of Dodguni 
Group between Bababudan and Chitradurga Groups based on the 
occurrence of Mn-formations at some places and their absence at 
others. They (ibid) were of the opinion that Fe-and Mn-formations 
along with volcanic rocks and current bedded and other platformal 
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strata represents the Dodguni Group. The platformal strata which 
do not contain Mn-format ions is considered to represent Bababudan 
Group. Radhakrishna (1983) considered Bababudan and Chitradurga 
Groups to be coeval but this concept is no more valid with the 
accumulation of more geochronological data. Although in the 
absence of radiometric dates it is difficult to correlate the 
Kushtagi schist belt of northern Karnataka with any of those of 
southern Karnataka, based on lithological considerations, it is 
tentatively classified as Bababudan Group. Radhakrishna and 
Vasudev (1977, Fig. 2) have also classified it as Bababudan Group. 
2.2.1.3 Distribution. Petrology and Geochemistry of the rock 
types present in the younger schist belts 
Various type of metavolcanic rocks with minor anorthositic 
ultramafic suites, arenites, greywackes, conglomerates, BIFs, BMFs 
and stromatolites are the main constituents of the younger schist 
belts. They are discussed below : 
2.2.1.3.1 Metavolcanic Associations 
Although most of the volcanics are mafic, local occurrence of 
acid volcanics are also observed. Both columnar and pillow 
structures have been found in the different areas and eruption 
apparently occurred under a variety of conditions. These 
volcanics show characteristics of "within plate" basalts, "MORB" 
and also those which are produced at active plate margins. 
Volcanics interbedded with current bedded and ripple marked 
quartzites show "within plate" geochemical features, whereas 
volcanics found interlayered with greywackes exhibit characters of 
active plate margin (Manikyamba, 1992). The metabasalts now 
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commonly consist of a mineral assemblage of amphibole and 
plagioclase, ^lqua^tz Hhgarnet jfepidote as major mineral phases. 
Detailed geochemical work on these rocks has been carried out by 
Bhaskar Rao et al. (1992). 
2.2.1.3.2 Quartzites 
Quartzites being of sedimentary origin, are purely detritai 
and exhibit various primary sedimentary structures. They mainly 
consist of mono and poly crystalline quartz with some ferrous 
minerals, feldspars and a number of heavy minerals like zircon, 
rutile and garnet. Based on REE and other trace elements 
characteristics of the quartzites from Bababudan and Chitradurga 
schist belts, Srinivasan et al. (1992), inspite of enigmatic 
scarcity of granite-granodiorite pebbles in the Dharwar 
conglomerates, proposed the occurrence of a significant 
granodioritic upper crust in the Dharwar provenance. Arora (1991) 
from the study of the sediments of the Bababudan schist belt 
postulated that provenance of these sediments consisted of 
tonalite-trondhjemite-gneiss along with mafic/ultramafic rocks in 
significant amount which were subjected to intense chemical 
disintegration and strong hydrodynamic processes. The sediments 
thus produced were deposited at a shallow shelf or tidal flat 
environment. 
2.2.1.3.3 Greywackes 
Greywackes are the most abundant rock types present in 
younger schist belts. They were commonly deposited late in the 
evolutionary history of the basin and are highly immature 
sediments and were subjected to intense mechanical weathering, 
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rapid transportation and less sedimentary differentiation. They 
were derived from a mixed provenance. Naqvi et al. (1988) have 
studied the geochemical characters of these sediments in detail. 
Their geochemical characters are similar to those of active plate 
margin turbidites. 
2.2.1.3.4 Conglomerates 
Both oligomictic and polymictic conglomerate are present in 
the younger schist belts. Oligomictic sedimentary conglomerates 
are rare and mainly consist of quartz pebbles only, with matrix 
of quartz and/or uraninite, gold and pyrite. The polymictic 
conglomerates have a clayey matrix and generally contain various 
sizes and shapes of fragments of all underlying rock types, viz., 
tonalite-trondhjemite gneiss, quartzite, BIF, carbonates, chert, 
vein quartz etc. (Naqvi et al., 1978; Arora et al., 1993). 
2.2.1.3.5 Banded Iron and Manganese Formations 
Iron formations are found in all the younger schist belts of 
KN, whereas Manganese formations are present in Chitradurga, 
Shimoga and Sandur schist belts only (Manikyamba, 1992). 
Extensive development of BIF is found in Kudremukh, Bababudan, 
Sandur and Kushtagi schist belts. Iron oxide and chert/quartz are 
the main constituent of BIF. At some places minerals like 
cummingtonite, grunerite, riebeckite and acmite are also found 
along with chert and iron oxides (Chadwick et al., 1986; Khan et 
al. , 1992). In Kushtagi schist belt BIFs are found associated 
with metavolcanics. 
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2.2.1.3.6 Stromatolites 
Stromatolites are organosedimentary structures produced by 
sediment trapping, binding and/or precipitation as a result of the 
growth and metabolic activity of micro-organisms, principally 
cyanophytes. They are mainly found in association with BIF and/or 
BMP (Srinivasan et al., 1989; Venkatachala et al., 1989). Non 
stromatolite carbonates and carbonate facies BIF pass into 
stromatolitic dolomite and limestone. 
2.2.2 Peninsular Gneiss 
The "Peninsular Gneiss" (grey gneiss) was believed to be the 
basement on which the supracrustal sequence now occurring as 
number of discrete linear belts was deposited. Bruce Foote (1886) 
called it as "Fundamental Gneiss" but Smeeth (1916) later renamed 
it as "Peninsular Gneiss". Basically, they are 
quartzo-feldspathic gneisses engulfing Dharwar schist belts. 
Recent work (Naqvi, 1981; Uday Raj, 1991) has revealed that these 
rocks have formed from atleast four or five events of emplacement 
3.4 Ga to 2.6 Ga ago. They exhibit compositional range from 
tonalites/trondhjemites to diorites, granodiorites and granites 
showing light and dark coloured banding, ptygroatic folding and 
agmatitic structures (Naqvi et al., 1983). In addition to ortho 
(magmatic) gneisses, sedimentary precursors (paragneiss) of some 
of the gneisses at Javanahalli and Melukote have been identified 
(Naqvi et al., 1983; Uday Raj, 1991). 
2.2.3 Granitoids 
Granite is used as a geologic term in two ways. Strictly, 
for a plutonic igneous rock of very specific mineralogy and 
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broadly for a group of plutonic igneous rocks with modal quartz, 
often referred to as granitic or granitoids. The granitoids 
comprise alkali feldspar granites, granites, granodiorites and 
tonalites. Tonalites are essentially composed of plagioclase 
(An^gQ, generally 50-75 vol% of total) and mafic constituents 
including hornblende, biotite or augite with quartz >20%, 
Trondhjemite is a light coloured tonalite, containing oligoclase 
or andesine with little or no alkali-feldspar. 
The granitoids range in size from small dykes and sills to 
plutons with diameters of many kilometers. Chickmagalur 
granodiorite is dated at ""3.1 Ga (Taylor et al. , 1984). Other 
granitoids of similar age and character are Halekote trondhjemite 
and Sigegudda trondhjemite and (Stroh et al., 1983; Rama Rao et 
al., 1991). 
The younger, K-rich granites are studied in detail by 
Divakara Rao et al. (1990), Friend and Nutman (1991) and Bhaskar 
Rao et al. (1992). The compositional and textural properties are 
discordant with surrounding rocks. Some of these granitic bodies 
are the Closepet, Arsikere, Banavar, Hosedurga and Chitradurga 
Granites. Most of these bodies are associated with 2.5-2.6 Ga 
orogeny. The Closepet Granite have been dated to be 2.4-2.6 Ga 
(Crawford, 1969; Taylor et al., 1984; Friend and Nutman, 1991; 
Bhaskar Rao et al., 1992). Divakara Rao et al. (1991) after a 
detailed work on a number of granitic bodies, concluded that most 
of the granites are formed by the partial melting of the 
continental crust. 
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2.2.4 Layered Igneous Complexes 
The southern part of the KN contains a number of outcrops 
with ultramafic composition, including pyroxenites, norites, 
gabbros and anorthosites. Many of the rocks form layered igneous 
complexes or fragments of older complexes. Nuggihalli schist belt 
is one of the best examples of Archaean layered igneous complexes. 
This belt consists of economic concentrations of chrome spinel, 
which is rare in Archaean terrains outside gneiss-granulite 
provinces (Srinivasan and Naqvi, 1990). Layered igneous complexes 
constitute shallow level emplacements in stable tectonic 
environments (Jackson and Thayer, 1972). Therefore, presence of 
layered igneous complexes in KN indicates stable crustal 
conditions in the early part of earth's history of SIS. 
2.3 Age and Structural-Stratigraphic Control of the Schist Belts 
Compared to many other Archaean areas, reliable radiometric 
dates for the Archaeans of KN is scanty. Available age data have 
been summarized by Naqvi and Rogers (1987). The Peninsular Gneiss 
is accepted to be a polyphase complex, with available radiometric 
age data showing a range from 3.4 to 2.8 Ga (Beckinsale et al., 
1980; Janardhan and Vidal, 1982; Taylor et al. , 1988; Friend and 
Nutman, 1991). The whole-rock Rb-Sr and Pb-Pb isochron ages of 
~3.15-3.0 Ga of the components of the basement gneisses proximal 
to the basal unconformities of the Bababudan Group (Taylor et al., 
1984) and a Sm-Nd isochron age of 3030 ± 230 Ma (Drury et al., 
1983) for the volcanic rocks in the Kudremukh schist belt imply an 
older limit to the age of deposition of the Bababudan Group at 
•^2.9 Ga. Lastly, Chitradurga, Closepet and several other late to 
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post kinematic granitic intrusions into the Dharwar schist belts 
have furnished an age of about 2.6-2.5 Ga (Taylor et al., 1988; 
Friend and Nutman, 1991; Bhaskar Rao et al., 1992). This set the 
younger (or minimum) age at "2.6 Ga for the Dharwar Supergroup. 
Available geochronological data indicate that the early 
Precambrian (Archaean) continental crust of SIS evolved in the 
time span between 3.4 and 2.6 Ga ago, approximately over a period 
of 800 Ma. Detrital zircon grains from a pelitic schist and 
quartzite from Sargur Group have yielded ages in the range of 
3580-2960 Ma by U-Pb method (Nutman et al., 1992). 
The structure of the KN has been investigated by various 
workers (Naqvi, 1973; Chadwick et al., 1981a,b; Roy and Biswas, 
1983; Ghosh and Sengupta, 1985; Mukhopadhyay, 1986; Naha et al., 
1986, 1991; Naha and Mukhopadhyay, 1990; Mukhopadhyay and Matin, 
1993). Many of the conclusions drawn by investigators in 
individual areas are highly controversial (Naqvi and Rogers, 
1987). 
Naha et al. (1986, 1991) found out remarkable structural 
unity, traceable throughout the gneisses, older and younger schist 
belts. All the rock types of KN have been involved in the same 
style and sequence of superposed deformations irrespective of 
their primary age. The first generation folds (DFj) are normally 
isoclinal with attenuated limbs as well as thickened hinges. 
These together with the axial planar cleavage have been affected 
by a near coaxial upright folding (DF2) varying in tightness from 
open to isoclinal in selected sectors. On these earlier 
structures a set of open folds (DFo) have been overprinted. All 
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these structures of three generations are present in outcrop and 
in hand specimen as well. Due to this complexity in structure 
the BIFs are found to be repeated structurally at several places. 
This structural unity thus runs counter to the suggestion that two 
distinct groups of supracrustal rocks, namely, Dharwar Supergroup 
and Sargur Group are separated by an angular unconformity. 
Migmatization synkinematic with the first folding event in a large 
part of the PG also argues against the gneiss being the basement 
for the supracrustal rocks (Naha and Mukhopadhyay, 1990). There 
is no general agreement on the presence of pre-DF^ structures on a 
regional scale in KN. Radhakrishna and Naqvi (1986) and Naqvi 
(1985) have presented evidence in support of a structural episode 
prior to the deposition of the Bababudan Group of rocks. They 
studied the Talya Conglomerate of Chitradurga schist belt and 
observed bent lineation in quartzite pebbles and folding and 
fracturing parallel to the main Dharwar compression direction in 
BIFs. These clearly indicate the existence of deformation and 
metamorphism before the deposition of the rocks of the Dharwar 
Supergroup (Naqvi and Hussain, 1972). The ages of deformation 
have not been resolved by Rb-Sr isotopic work. The spatial 
distribution of the Rb-Sr dates is intriguing. Despite all these 
attempts, available structural and geochronological data are not 
enough to resolve the problem of the evolution of KN. However, it 
appears that the interfingering model, suggested by Naqvi (1981), 
holds the key to this problem. 
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2.4 Metamorphism 
In the northern and central portions of the KN, metamorphism 
of the schist belts ranges from lower greenschist to amphibolite 
facies while in the Southern region it varies from amphibolite to 
granulite grade. A typical assemblage in low-grade metapelites is 
chlorite-muscovite-biotite (-garnet) and, in basic volcanics, 
actinolite-plagioclase-chlorite-quartz (Seshadri et al., 1981). 
Along the eastern and western margins of several belts in the 
northern region, a localised metamorphism of higher grade has also 
been reported (Harris and Jayaram, 1982; Roy and Biswas, 1979). 
Sillimanite and kyanite bearing suites have been reported from 
Sandur and Chitradurga schist belt respectively (Swami Nath and 
Ramakrishnan, 1981; Seshadri et al., 1981). All along the margin 
of the Closepet Granite, remnants of higher grade metamorphic 
rocks have been found (Ramakrishnan and Viswanatha, 1981). The 
wide variation in the grade of metamorphism in DC has been 
investigated by Raase et al. (1986). The presence of high 
grade/older schist belts, earlier unknown in northern Karnataka, 
has indicated widespread development of ancient supracrustal rocks 
all over Karnataka. These supracrustals and their cofolded 
relations with the associated migmatites and gneisses refute the 
earlier belief that there is a progressive increase in the 
metamorphic grade from north to south in the KN (Roy, 1983). 
2.5 Palaeobiological Activity in the Karnataka Nucleus 
The Archaean schist belts of KN, composed of extensive 
deposits of carbonate rocks, banded iron formation and banded 
manganese formation, have the potential to preserve evidence of a 
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large magnitude of biological activity (Srinivasan et al., 1989). 
These rocks are considered to act as a sink for oxygen, produced 
during the early part of the Earth's history (Cloud, 1976). 
During the last decade, a large number of horizons having 
stromatolites and a few cherty horizons containing permineralised 
filamentous structures resembling cyanobacteria have been 
discovered and have enriched our understanding of Archaean 
biosphere, hydrosphere and lithosphere. Although Pichamuthu 
(1945) recorded the presence of cyanobacterial filaments in cherts 
of the Dodguni area in Chitradurga schist belt, the evidence for 
its syngenecity and biogenecity was provided by Suresh (1982). 
Naqvi et al. (1987) have recorded unambiguous syngenetic 
silicified cyanobacteria-like microfossils in the black cherts of 
Donimalai in Sandur schist belt. From carbon isotopic data, Kumar 
et al. (1983) have suggested the presence of life during the 
formation of younger schist belts of KN. Murthy and Reddy (1984), 
Baral (1986), Mallikarjuna et al. (1987), Srinivasan et al. (1989, 
1990), Vasudev et al. (1989) and Venkatachala et al. (1989, 1990) 
have recorded the occurrence of stromatolites in the carbonate 
rocks of the lower part of the Dharwar sequence. Evidence in 
favour of biological activity during the deposition of BIF in 
Chitradurga and Sandur schist belts have been provided by 
Gnaneshwar Rao (1992) and Manikyamba (1992). 
2.6 Geophysical Characteristics of Dharwar Craton 
Geophysical properties of Dharwar craton have been summarised 
by Narain and Subrahmanyam (1986) and Naqvi and Rogers (1987). 
The analysis of gravity field data and DSS results suggests that 
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the Eastern Ghats is a mid Proterozoic collisional belt. The 
eastern margins of the Chitradurga schist belt and the Cuddapah 
basin are sites of crustal shortening during E-W compressions. 
DSS data indicate thick crustal blocks of about 40 km in the KN. 
To a large extent seismotectonic activity is limited to the 
coastal regions along which continental break-up took place and 
seems to be associated with the fractures and faults cutting up 
the continental interior, particularly the rift zones in which 
much alkaline plutonic activity has been recorded (Udas et al. , 
1979). The higher heat flow along the eastern margin of the 
Cuddapah basin may indicate recurrent igneous activity along the 
faulted boundary, which probably was a collisonal front (Narain 
and Subrahmanyam, 1986). 
The boundary between the eastern and the western Dharwar 
craton still remains an enigma. The gravity signatures over 
Chitradurga schist belt suggest that it may be a late Archaean 
continental rift and suture between two blocks of DC (Verma and 
Subrahmanyam, 1984), supporting the interpretation from field 
observations and deep seismic sounding. 
2.7 Evolutionary Models and Constraints 
It is now widely accepted that the plate tectonic regime, 
thickness of continental crust, distribution of radioactive 
elements and the thermal gradient during the Archaean times were 
not same, as they are now. Evidence for a higher thermal gradient 
in the early earth is accumulating. The time required for a 
"Wilson Cycle" to complete is getting shorter. All these factors 
have made the problem of evolution and origin of the continental 
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crust more complex. Several models for the evolution of 
Precambrian Continental Crust through a study of volcanic and 
sedimentary rocks of the granite-greenstone/schist belts have been 
proposed (Naqvi, 1978, 1981, 1983; Fyfe, 1980; Shaw, 1980; West, 
1980; Goodwin, 1981, 1991; Taylor and McLennan, 1985; Naqvi et 
al., 1988; Anhaeusser, 1990 and McLennan and Taylor, 1991). 
The dichotomy in the conceptual models related to the 
evolution of DC has resulted in two widely accepted models : (a) 
The model proposed by Naqvi (1978, 1981, 1983) envisaging a 
uni-directional crustal evolution from a primordial basaltic crust 
and gradually transforming it into a sialic composition and (b) 
the model suggested by Ramakrishnan et al. (1976) and Chadwick et 
al. (1981a, b) that the oldest supracrustal rocks were laid down 
on a stable sialic crust. Arora et al. (1993) also came up with 
the conclusion that primordial continental crust was basic-
ultrabasic in nature. 
The Archaeans of KN have a spectrum of BIF bands of various 
facies and metamorphic grade but in all the models given for 
crustal evolution, BIF has not been considered with due 
importance. The iron and silica, which constitute the major 
portion of BIF, were probably provided from hydrothermal vents 
present near the oceanic ridges and deposited under stable 
conditions at shallow shelf region below wave base and photic 
zone. It offers unique insight into many aspects of crustal 
evolution. Understanding of the problem of crustal genesis taking 
into account the complexities shown by BIF is called for. In the 
present work, an attempt has been made to understand the early 
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Precambrian crustal evolution and state of hydrosphere and 
atmosphere during that time on the basis of detailed geological 
and geochemical investigation in the least metamorphosed Kushtagi 
schist belt of KN with special emphasis on BIF. 
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CHAPTER - III 
SUMMARY OF THE GEOLOGY OF THE NORTHEASTERN PART OF KARNATAKA 
NUCLEUS AND ADJOINING SCHIST BELTS WITH SPECIAL REFERENCE TO 
KUSHTAGI SCHIST BELT 
3.1 General Statement 
The cratonic area of northeastern Karnataka and adjoining 
area of Andhra Pradesh comprises the low and high grade schist 
belts set in a vast mass of the Peninsular Gneiss Complex (Fig. 
2.2). The Kushtagi and the Sandur schist belts which lie on the 
eastern margin of KN are intruded by Closepet Granite, and have 
intermediate character between the schist belts of western and 
eastern blocks of the Dharwar craton. The schist belts of the 
north-eastern block of the Dharwar craton are named as 
Gurgunta/Parampur, Hutti-Maski, Pennar-Hagari, Mangalur and 
Raichur schist belts. 
Viswanatha and Ramakrishnan (1975) have inferred that the 
schist belts in the eastern block are dominated by volcanics, 
lack of shelf facies sediments, extensive granitic intrusion, 
localisation in a low pressure metamorphic terrain and gold 
mineralization. While in the western block the belts are marked by 
basal conglomerates and angular unconformities set in an 
intermediate pressure metamorphic terrain. Hence, they (ibid) 
have referred the schist belts as Dharwar type for the western 
block and Keewatin type for those of the eastern block. The 
following major differences between the lithologic assemblages of 
eastern and western Dharwar craton have been highlighted by Naqvi 
and Rogers (1987). 
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(a) Ultramafic/anorthositic suites, particularly layered 
complexes, have not been described in the eastern part of the 
craton, although they are abundant in the west. Komatiites are 
present in some of the eastern schist belts, but intrusive 
equivalents are absent or rare. 
(b) Mafic to andesitic volcanic rocks are more abundant in the 
eastern schist belts compared to those to the west. The western 
schist belts are predominantly volcanosedimentary belts. 
(c) The high Mg-Al sediments that characterize some of the older 
schist belts in the western block are absent in the eastern belts. 
(d) Abundance of potassic Closepet type granites is much higher 
in the eastern part of the craton compared to the west. 
Ramakrishnan et al. (1976) have found that the schist belts 
of the eastern block are in many respect similar to the classical 
greenstone belts of the world, but for the absence of the dominant 
ultramafic unit at the base. The Keewatin type of schist belts 
have evolved under a relatively unstable regime; whereas, a more 
stable regime witnessed the evolution of the Dharwar type of 
schist belts (Ramakrishnan et al., 1976). 
3.2 Distribution of Rock Suites 
Northeastern Karnataka and the adjoining areas of Andhra 
Pradesh are made up of four main 1ithotectonic elements, namely, 
(1) Peninsular Gneiss, (2) high grade mafic schists, (3) low grade 
mafic schists and (4) intrusive granites and granodiorites. Apart 
from these four main rock suites, undeformed sedimentary rocks of 
middle Proterozoic age, namely the Kaladgi and Bhima are also 
found, part of which are covered by Deccan Traps. 
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3.2.1 Peninsular Gneiss 
The detailed study on the Peninsular Gneiss Complex of this 
area is yet to be taken up to separate the different components of 
the gneissic complex. From the available description, the 
gneisses are broadly divisible into (1) banded biotite and/or 
hornblende granodiorite/tonalite gneiss, (2) migmatites and (3) 
faintly foliated granitoid (Roy, 1983). Field, petrological and 
geochemical evidences suggest that gneisses of KN represent both 
para as well as ortho-gneiss (Uday Raj, 1991). In the adjacent 
areas the PG has been described as a group of composite gneisses, 
mostly banded or layered, formed as a result of migmatization of 
the older metasediments and metabasic rocks by a 
quartzo-feldspathic injection (Perraju and Natarajan, 1977; 
Sarvothaman and Leelanandam, 1992). 
3.2.2 High Grade Mafic Schists 
The high grade schists, mafic in character, generally occur 
as small enclaves within gneisses and migmatites (Roy, 1983). A 
high grade schist belt of fairly large aerial extent has been 
reported from northeastern Karnataka, which has been named as 
Gurgunta/Parampur schist belt (Narasimha and Hans, 1983; 
Jagannathachar and Madusudanan, 1989). It is characterized by 
amphibolite to lower granulite facies metamorphism and widespread 
migmatization. Apart from this well recognized belt some small 
patches of high grade schists have also been reported from 
Bellary, Raichur and Gulbarga districts (Roy, 1983). Intense 
deformation and disruption by the gneisses had made construction 
of a stratigraphic section of the high grade schists virtually 
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impossible (Naqvi and Rogers, 1987). It is possible that some of 
the belts are considerably older and have been intruded by older 
members of the Peninsular Gneiss Complex. The discovery of the 
occurrence of these high grade schist belts in north Karnataka has 
indicated that geological activity was widespread and uniform in 
the entire KN and the directions of the dynamic force which 
resulted in the deformation of these belts was similar. However, 
it is yet to be seen whether they are of a single or polycyclic 
phenomena. The presence of these schist belts and their co-folded 
relations with the associated Peninsular Gneiss Complex refute the 
earlier belief of a progressive increase in the metamorphic grade 
from north to south in the DC (Roy, 1983). 
3.2.3 Low Grade Mafic Schists 
The low grade schist belts present in the area of interest, 
like other belts of southern Karnataka, occur as arcuate to 
linear, NW-SE trending belts engulfed in the sea of 
tonalite-trondhjemite gneiss. Only Sandur schist belt is not 
linear, instead it is boat shaped due to the geometry of the 
deformational structures (Matin and Mukhopadhyay, 1987; 
Mukhopadhyay and Matin, 1993). These belts are predominantly 
characterised by greenschist facies metamorphism but in some belts 
by amphibolite facies rocks. 
The significant features of these belts are the total absence 
of sedimentary units to commence the succession, lack of shallow 
water platformal lithological association and absence of 
recognizable depositional contacts. So far, except from Sandur 
schist belt (Murthy and Reddy, 1984; Naqvi et al., 1987; 
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Manikyamba, 1992), neither stromatolites nor microfossils have 
been reported from any of the Archaean schist belts of 
northeastern KN. 
All these belts are put into the category of unclassified 
schist belts. However, some tentative correlation has been 
proposed. Radhakrishna and Vasudev (1977) observed resemblance 
between Hutti-Muski, Ramagiri and Kolar schist belts and 
classified them as Sargur Group; Kushtagi, Sandur and Raichur 
schist belts were regarded as Bababudan Group. Rocks of 
Hutti-Maski and Mangalur schist belts have lithological affinity 
with the rocks of the Kolar schist belt. These belts pose problem 
in correlation with the Bababudan Group, as the typical 
orthoquartzite present in Bababudan Group is absent in these 
schist belts. In all these three belts, the western parts are 
incomplete and all the members seen on the eastern margin do not 
repeat themselves along the western limb of the fold, indicating 
that part of the succession has been cut off in the west (Iyengar, 
1976). In general, all the low grade schit belts of northeastern 
KN are tentatively regarded as correlative with the Bababudan 
Group (Naqvi and Rogers, 1987). 
3.2.4 Intrusive Granites and Granodiorites 
Intrusive granites and granodiorites are the least studied 
rock type present in the northeastern KN. Kushtagi and Sandur 
schist belts are intruded by Closepet Granite. Apart from 
Closepet Granite, various other K-granite plutons are found in 
this region. They are discordant with the surrounding gneisses and 
schist belts. It is supposed that they were emplaced more or less 
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at the same time in the geological history of the DC, around 2.6 
Ga ago. Apart from these younger granites, some older granites 
are also present in the area. These older granites from Gulbarga, 
Raichur, Bellary and Shimoga districts have been dated by 
Venkatasubramanian and Narayanaswamy (1974) at 2990 ± 120 Ma. 
3 . 3 Structures 
Roy (1983) has made an attempt to correlate the deformation 
episodes in the schist belts of the northeastern KN (Fig. 3.1). 
Three main deformation episodes have been recognised. In the 
younging order they are, (1) the .Sarrgur episode ( SgD-, in the high 
grade schist belts), (2) the Hutti episode (HuD-j^  in the 
Hutti-Maski schist belt) and (3) the Dharwar episode (DhD^ in the 
equivalents of Bababudan Group). SgDi is restricted to the 
high-grade schist belt, whereas HuDi (superposed on SgDi) affected 
the Hutti-Maski schist belt and the high grade schist belts, DhD^ ^ 
is a regional event imprinted on all the belts (Roy, 1983). 
The structural style, orientation and timing of different 
deformational phases relating to metamorphism in the schist belts 
of eastern and western blocks of DC are comparable and indicate 
their coeval development (Mukhopadhyay, 1986). Naha et al. (1986, 
1991) have observed a remarkable structural unity in the Archaean 
terrain of Karnataka. The north-south orientation of structures 
has been attributed to east-west compression, implying a long term 
continuity of stress orientation over a very broad area (Naqvi and 
Rogers, 1987). 
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3.1. Schematic diagrams (not to scale) showing the struc-
tural patterns of different schist belts of north 
Karnataka. A = Gurgunta/Parampur schist belt, B = 
Hutti-Muski schist belt, C = Kushtagi schist belt, 
D = Dharwar-Shimoga-North Kanara-Goa schist belt, E 
= Gadag schist belt, F = Sandur schist belt (after 
Roy, 1983). 
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3.4 Age of the Schist Belts 
There is a greater paucity of age data for the Archaean rocks 
of northeastern Karnataka and the adjoining areas of Andhra 
Pradesh compared to those of south Karnataka. Practically no age 
data are available for the rock formations in these localities. 
Venkatasubramanian and Narayanaswamy (1974) based on a 
reconnaissance study of north Karnataka granites, gave an age of 
2990 + 120 Ma with an initial ratio of ^"^Sr/^^Sr = 0.707 + 004. 
These ages are comparable with some of the gneisses of south 
Karnataka. However, further detailed study and data are called 
for to arrive at some satisfactory conclusion. 
Venkatasubramanian et al. (1971) dated biotite from a 
pegmatite cutting into gneisses, close to the western margin of 
the Sandur schist belt. As metamorphic effects dominate the 
pattern of mica ages, they (ibid) found 2400 Ma age of biotites 
from Hospet, which is in accordance with the ages of Peninsular 
Gneiss from south Karnataka. 
The general chronologic relationships are similar to those in 
the western block of the DC. Mafic schist belts have been invaded 
by younger potassic granites and perhaps also by suites commonly 
regarded as part of the PG. Relationships between old parts of 
the gneiss and the schist belts are unknown (Naqvi and Rogers, 
1987) . 
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3.5 Geology of the Schist Belts 
In this section the geology of the schist belts present in 
the area are briefly discussed 
3.5.1 Gurgunta/Parampur Schist Belt 
Gurgunta/Parampur schist belt is situated about 18 km 
northwest of Hutti schist belt in Raichur district, Karnataka and 
is regarded as the high grade equivalent of Sargur schist belt 
(Narasimha and Hans, 1983; Roy, 1983; Jagannathachar and 
Madusudanan, 1989). This high grade schist belt has been referred 
to both as Gurgunta and Parampur schist belt (Narasimha and Hans, 
1983; Roy, 1983; Jagannathacher and Madusudanan, 1989). The rocks 
of this belt occur as linear belts and enclaves in PG locally 
named as "Amareshwar Gneiss". Narasimha and Hans (1983) have 
mapped the area and proposed the following stratigraphic column 
for Gurgunta/Parampur schist belt 
Younger Granite 
Hutti Schist Belt 
Unconformity 
Peninsular Gneiss 
Unconformity 
Meta-ultrabasics 
Meta pelitic schists and quartzite 
Banded ironstone 
Araphibolite with thin acid 
volcanics 
Basement Unknown 
Gurgunta/Parampur Schist Belt 
(Sargur Group) 
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Gurgunta/Parampur schist belt occurs as remnant of a highly 
folded schist belt represented by metamorphosed gold-bearing 
ironstones (quartz-magnetite-grunerite-pyroxene + garnet) , 
amphibolites (hornblende-calcic plagioclase+garnet) and 
calc-gneiss (diopside-epidote-zoisite-quartz) together with a few 
conformable bands of asbestos bearing metapyroxenite 
(talc-tremolite-schist), which show a low grade metamorphism 
within an amphibolite- granulite terrain (?) (Narasimha and Hans, 
1983; Roy, 1983). 
The area west of Amareshwar is intruded by a number of 
spoduraene containing pegmatites which are essentially unzoned 
(Devaraju et al., 1990). The pegmatites contain variable amount 
of Li and it is still to be seen if they could be economically 
exploited. 
Four distinct phases of deformation producing a complex 
structural pattern have been recognized in this schist belt (Roy, 
1983). The first phase of deformation (SgD^) is associated with 
the development of a penetrative S-fabric (schistosity-S j^) and 
some minor folds (fj). The second phase of deformation (SgD2) is 
associated with the development of large-scale (Fo) as well as 
small scale folds (f 2) °^ S^ and S-,. The migmatites and gneisses 
are cofolded during SgD2 and the subsequent deformations. The 
third phase of deformation (SgDo) produced large-scale (F3) folds 
having NW-SE to WNW-ESE axial trace and crenulation and fracture 
cleavage. SgDo is also observed in associated cofolded gneisses. 
The fourth phase of deformation (SgD^) is of mild intensity, 
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producing only broad and open flexures having axial trace along 
ENE-WSW to E-W direction (Roy, 1983). 
3.5.2 Hutti-Maski Schist Belt 
The Hutti-Maski schist belt (H-M schist belt) well known for 
its gold mineralization is intensely deformed and metamorphosed to 
such an extent that it is difficult to establish its stratigraphy 
(Naqvi and Rogers, 1987). It is surrounded by intrusive 
granodiorite and granite and because of extensive younger granitic 
activity, its basement has not yet been properly identified (Roy, 
1979). It has attained greenschist to amphibolite facies of 
regional metamorphism (Anantha Iyer et al., 1980). 
H-M schist belt consists predominantly of volcanic suite of 
rocks (>90%) with subordinate amount of metasediments. Basaltic/ 
andesitic rocks predominate in the volcanic suite, and are 
followed by acid lava and quartz porphyry in order of abundance. 
Metasediments include banded ferruginous chert, quartzite, 
greywacke-argillite, garnetiferous mica schist, andalusite schist, 
garnet-cordierite gneiss and conglomerate known as "Palkanmaradi 
Conglomerate". Palkanmaradi Conglomerate contains well rounded 
water worn pebbles and boulders of granodiorite/tonalite (Roy, 
1979). 
The gold bearing quartz veins and lenses occur within narrow 
shear zones in the metamorphosed basic volcanics of H-M schist 
belt. Gold is in the native state and no tellurides are present 
(Vasudev and Naganna, 1973). Anantha Iyer et al. (1980) concluded 
that gold bearing volcanics of H-M schist belt indicate formation 
in a tectonic environment similar to that of a back arc spreading 
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centre (marginal basin). The basaltic rocks are comparable with 
the oceanic tholeiites of the type generated at marginal basin 
tectonic environment (Anantha Iyer and Vasudev, 1979). 
Menon et al. (1981) measured the 6 S values of pyrrhotite 
and arsenopyrite samples from the gold bearing quartz-sulphide 
reefs of Hutti and found a narrow range of mantle-meteoritic 
values indicating that sulphides are of magmatic-hydrothermal 
origin. The famous gold deposits of Hutti mine are described by 
Curtis et al. (1990) . 
H-M schist belt shows evidence of three distinct phases of 
deformations (HuDi, HuDo» HuDo) of which the first two phases are 
quite pronounced and the third phase (HuD^) is of mild intensity 
(Roy, 1979). HuDj^  deformation is associated with the development 
of schistosity (S^^), mylonite banding (S^) and minor folds in vein 
quartz and banded ferruginous chert. It has resulted in formation 
of a syncline accompanied by an anticline, which are recognized on 
the basis of pillow structures present in the metabasalts of the 
area. HuDo deformation is accompanied by the development of 
crenulation cleavages or fracture cleavage (S2) and minor folds on 
Si or SJ. HUDO deformation is associated with the development of 
kink band or chevron folds and So cleavages on Si (Roy, 1979). 
The regional Dharwar trend of NW-SE in the H-M schist belt is 
defined by the second generation folds (F2) (Roy, 1983). 
3.5.3 Sandur Schist Belt 
The Sandur schist belt in Bellary district has a lithologic 
assemblage broadly similar to those of other low grade schist 
belts (Krishna Murthy, 1974; Manikyamba, 1992). Roy and Biswas 
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(1979) showed metamorphic conditions ranging from greenschist 
facies in the center of the belt to araphibolite facies on the 
margins. It displays lithostratigraphic characters intermediate 
between those of eastern and western block schist belts. Roy and 
Biswas (1979, 1983) have divided the stratigraphic sequence of the 
belt into (1) Yeshwanthanagar, (2) Deogiri, (3) Donimalai and (4) 
Nandihalli Formations. Yeshwanthanagar Formation consists of 
amphibolites, metapyroxenites, metagabbro, quartzite, quartz mica 
schist. Deogiri Formation is essentially a sedimentary sequence 
of raanganiferous greywacke-argillite with bands of quartzite and 
arkoses with siliceous dolomite (stromatolitic) and BIF. 
Donimalai Formation is made up of oxide facies BIFs and 
metavolcanics ranging in composition from basic to acidic, 
metagabbros, greywackes, fuchsite quartzite, carbonaceous schists, 
metapelites and sulphide facies BIFs. The youngest Nandihalli 
Formation is characterized by the absence of BIF and is made up of 
metabasalts and metagabbros, acid volcanics and 
greywacke-argillite sequence (Roy and Biswas, 1983). Murthy and 
Reddy (1984) have reported the presence of stromatolites and Naqvi 
et al. (1987) have reported the presence of cyanobacteria from the 
cherts of Sandur schist belt. 
Rocks of Sandur schist belt have undergone two phases (DhD^ 
and DhD2) of deformation, producing structures of two generation 
(Roy, 1983). This has resulted in folding of the belt into two 
NNW to NW trending regional synclines separated by a major central 
anticline. The regional synclines are doubly plunging and 
canoe-shaped (Mukhopadhyay, 1986). Roy and Biswas (1983) regard 
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these folds, along with the axial plane schistosity, as first 
phase structures (Fj). A later deformation produced folds with 
ENE-WSW striking axial planes and crenulation cleavage 
(Mukhopadhyay, 1986). 
3.5.4. Mangalur Schist Belt 
Mangalur schist belt is situated in Shorapur taluk of 
Gulbarga district. Shorapur is about 45 km east of Mangalur. The 
belt is a volcanosedimentary pile extending for a length of about 
25 km in a NNW-SSE direction (Jagannathachar and Madusudanan, 
1989) and is similar to the H-M schist belt in tectonic setting, 
lithology, structural and metamorphic pattern and gold 
mineralization. These similarities might suggest that they are 
isolated remnants of a continuous schist belt, separated by 
subsequent igneous activity (Roy, 1983). A thick peridotite band 
is seen in this belt which appears to be pretectonic sheet-like 
intrusive body within the basaltic host rock (Roy, 1983). 
Jagannathachar and Madusudanan (1989) have given the 
following lithological succession for Mangalur schist belt: 
Post Dharwar Intrusives 
Metarhyolite 
Metaultramafites and gabbro 
Metabasalt 
Older metamorphite and migmatites 
Mangalur Schist 
Belt 
The metabasalt and acid volcanics are profusely intruded by 
tourmaline-bearing pegmatite along foliation plane. Pegmatites of 
two distinct generations have been noticed and are under 
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investigation for exploitation of tin (Jagannathachar and 
Madusudanan, 1989). 
3.5.5 Pennar-Hagari Schist Belt 
The Pennar-Hagari schist belt has not been studied much in 
recent years. Bruce Foote (1886) considered it as the extension 
of Kushtagi schist belt, which was then known as Hunugunda schist 
band. The belt is located in Bellary and Anantapur districts. The 
major portion of this belt is occupied by black cotton soil and 
sandy soil and is under investigation for presence of diamond 
bearing kimberlite pipe (Rao, 1989). Main rock types present in 
this area are chlorite schist, hematite schist, hornblende schist 
and jaspery BIF (Bruce Foote, 1886). 
3.6 Kushtagi Schist Belt 
The Kushtagi schist belt is an elongated belt located in the 
northeastern part of the KN (Fig. 2.2). This belt has been 
referred as Hungund schist belt in geological literature (Bruce 
Foote, 1886; Viswanatha and Ramakrishnan, 1975; Iyengar, 1976). 
It has NW-SE strike direction and the sedimentary rocks dip at a 
high angle. Kushtagi schist belt is approximately 115 km in 
length and about 15 km in width, on an average. 
It is bounded on either side by the Closepet Granite and on 
SE part of eastern flank by Peninsular Gneiss Complex. The 
northwestern tip of the belt is covered by the sediments of 
Kaladgi Group. The BIF present in the NW tip of the belt, once 
blanketed by the Kaladgi, now stands exposed after the erosion and 
subsequent removal of the overlying Kaladgi sediments. These BIFs 
in the mining area are absolutely fresh and are used in the 
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present study for the understanding of BIF genesis. 
This late Archaean volcano-sedimentary sequence is situated 
between N. Lat 15°40'-16°15' and E. Long 75°40'-76°35', occupies 
an area of about 1700 km'", and is correlated with the basal part 
of the Dharwar Supergroup, i.e. Bababudan Group. The belt exposes 
one of the least metamorphosed geological section of the Bababudan 
Group. Radhakrishna and Vasudev (1977, Fig. 2) have also 
classified it as the Bababudan Group, where as Iyengar (1976) has 
considered the basal amphibolitic part as Bababudan Group and the 
upper chloritic part as Vanivilas Group. Roy (1983) has correlated 
Kushtagi schist belt with Sandur schist belt, which is classified 
as the Bababudan Group (Radhakrishna, 1983). 
3.6.1 Distribution of Rock Types in Kushtagi Schist Belt 
Though much attention has been paid on the Archaean rocks of 
southern Karnataka, the rocks of northern Karnataka including 
Kushtagi schist belt have not been studied in detail in any 
aspect. Even a detailed geological map of the belt has not been 
published. One obvious reason appears to be that this region was 
not a part of earstwhile Mysore State and thus Mysore Geology 
Department did not carry any geological studies here. Therefore 
the geological information regarding this belt is scanty. The 
results of the work of Geological Survey of India is given in its 
reports which are not generally available Some short reports have 
been published which form the basis of the information given here. 
The rocks of this belt are broadly classified into three 
stratigraphic horizons. From bottom to top, these are (i) 
metabasalts with minor metaultramafics, (ii) metasediments with 
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intercalated basic and acid metavolcanics and (iii) greywacke with 
intercalated banded iron formations (Roy, 1983). The schist belt 
rests on the gneisses with an unconformity and is intruded by 
younger granites in the central and as well as southern part. The 
distribution of the rock types is shown in the geological map of 
central part of the belt (Fig. 3.2). 
3.6.1.1 Metabasalt 
The metabasalts of the Kushtagi schist belt are now 
represented by amphibolite, amphibole-chlorite schist, hornblende-
plagioclase schist and hornblende-actinolite-tremolite schist 
(Gera, 1989). Predominant metavolcanics (constituting >90% of the 
schist belt) are present as linear/ or persistant outcrops within 
the granite and gneisses and show concordant relationship. These 
metavolcanics probably represent the oldest and major lithounit of 
the area (Ananthanarayana et al., 1989). At some places the 
contacts of amphibolite are seen to be digested by granites which 
are throughly migmatised. The metabasalts are well foliated with 
schistosity along NW with moderate to steep dip in NE or SW 
direction. Schistosity is marked by the preferred orientation of 
flakes and needles of chlorite and actinolite. On the basis of 
textural studies, Ananthanarayana et al. (1989) have divided the 
metabasalts into three varieties, viz. (a) schistose metabasalt, 
(b) granular metabasalt and (c) massive metabasalt. Schistose 
variety occupies major part of the belt and occurs as small bands 
and lenses of varying lengths within the massive and granular 
varieties while the massive variety shows deformed pillow 
structures. The varieties grade from one to the other. 
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3.2 Geological map of central part of the Kushtagi 
schist belt. 
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Pillow structures are noticed in the metabasalts which form 
an extensive portion of the Kushtagi schist belt (Fig. 3.3A). It 
has a width of about 2.5 km and runs parallel to the belt in its 
central portion on the western flank. The pillows often have thin 
crust consisting of cherty matter with the surface having 
vesicular structures. The mutual relationship of these pillow 
structures do not indicate any younging direction, as they are 
mostly distorted and nonoriented. 
The schistose rocks are subjected to low grade greenschist 
facies of metamorphism characterised by the assemblage of albite, 
actinolite, chlorite and epidote. Small isolated bodies of 
ultramafics also occur within metabasalts, granites and gneisses. 
The exposures are lenticular and discontinuous bodies having sharp 
contact with the country rock. The ultramafics are traversed by 
quartzo-feldspathic and granitic veins. The ultramafic body having 
komatiitic affinity occuring west of Ilhal occurs within the 
metabasalts (Fig. 3.3B). 
The Kushtagi schist belt like other gold bearing volcanic 
belts is characterised by profuse development of pillowed basalts 
and subordinate amount of felsic volcanics. Evidences of gold 
mineralization in the belt is found in the form of old workings in 
metabasalt, in the form of shaft and pits. Generally gold bearing 
volcanic belts have silicate to sulphide facies BIF associated 
with them. In this respect the Kushtagi schist belt is different. 
It is characterised by the development of oxide facies BIF only. 
60 
3.6.1.2 Acid Volcanics 
Few bands of acid volcanics are found associated with 
metabasalts at places, showing sharp contacts (Fig. 3.3C). These 
acid volcanic bands are very prominent between Kalarhatti and 
Mulur. Megascopically, the rock is fine to medium grained, 
whitish grey, massive, hard and compact and exhibits weak 
foliation at places. They are characterised by the presence of 
opalescent quartz. 
Acid volcanics are absent or insignificant in most of the 
Archaean schist belts. Mostly they are present as 
basalt-andesite-rhyolite association characteristic of erogenic 
belts. Eruption of acidic lavas can occur in a number of 
geotectonic environments but they are abundant at destructive 
plate margins. 
The mafic and silicic volcanic rocks of the Bababudan schist 
belt have been studied by Bhaskar Rao and Naqvi (1978) and Bhaskar 
Rao and Drury (1982). These rocks show a flat HREE pattern and 
moderate LREE enrichment, probably indicating mantle source 
enriched in lithophile elements. The increase in negative Eu 
anomaly with increasing whole-rock SiOo content has been 
attributed to plagioclase fractionation in more siliceous melt 
(Naqvi and Rogers, 1987). 
3.6.1.3 Metasediments 
The metasediments occur interbanded with metavolcanics as 
small narrow bands and lenses. They are mainly chlorite schist 
and carbonaceous phyllite (Ananthanarayana et al., 1989). The 
schist belts of northeastern KN are dominated by volcanics and are 
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Figure 3.3A. Field photograph of basic volcanic rock showing 
pillow structures (Location - 2 kms NNW of village 
Kyadaguppi). 
Figure 3.3B. Field photograph of ultramafic body (Location - 200 
mts. west of village Ilhal). 
Figure 3.3C. Field photograph showing sharp contact between acid 
volcanics and metabasalt (Location - 300 mts. south of vil-
lage Kalarhatti on Mudgal-Tawergera road). 
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devoid of shelf facies rocks (Viswanatha and Ramakrishnan, 1975). 
In the present study, author has not encountered occurrence of any 
clastic metasediment on a mappable scale, in the reconnaissance 
survey of the belt. However in the present work presence or 
absence of orthoquartzites has not been given much attention. 
At number of places thin bands of dolomite/limestone is 
exposed as observed at south of Amrapur where it is associated 
with metabasalts. SW of Hire Bhergi and west of Chick Bhergi it 
is associated with chlorite schist and metabasalt as well (Fig. 
3.4A & B) while 5 kms SW of Chandanhalli at the SW tip 499 mts. 
hill, it is associated with BIF. These carbonate bands can be 
recognized from a distance as they show perfect elephant skin like 
weathering (Fig. 3.4C); at places it contains quartz veins. 
3.6.1.4 Banded Iron Formation 
BIF forms conspicious topographic feature of the terrain in 
the form of narrow rectilinear strip associated with ferruginous 
phyllites and shales, and passes through almost centre of the 
area. This ridge runs continuously in the northwesterly direction 
from SE of Chandanhalli through Jajad Gudda hillock, terminates 
abruptly at Benchmatti and reappears at Kandgal and runs in a 
terrain of arcuate chains upto Chick Sangangutti. A very 
conspicious ridge of BIF starts from Aihole Iron Ore Mines and 
goes upto Tummurmatti village in the northwestern tip of the belt, 
where Kaladgi sediments rest on the BIFs with distinct 
unconformity, through Hareraagi Ramthal Iron Ore Mines with break 
in between them. Patches of BIFs are also present at the 
northwestern boundary of Hungund and east of Idlapur. 
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Figure 3.4A. Field photograph showing the presence of limestone/ 
dolomite in the Kushtagi schist belt. Here it is present in 
sharp contact with chlorite schist (Location - SW of village 
Hire Bhergi). 
Figure 3.4B. Field photograph of limestone/dolomite band showing 
contact between carbonate and metabasalt (Location - West of 
village Chick Bhergi). 
Figure 3.4C. Field photograph showing close view of carbonate 
band having perfect elephant skin like weathering (Location -
West of village Chick Bhergi). 
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The BIFs present in the northwestern tip of the belt, once 
blanketed by the Kaladgi rocks, now stand exposed after the 
erosion and subsequent removal of this cover, are absolutely fresh 
(Fig. 3.5A and B) and are the least metamorphosed BIF present in 
the Indian Peninsula. BIFs present in the NW tip of the belt are 
used in the present study for understanding the BIF genesis. 
BIF present in the belt are of two types. The one which 
contains no or negligible amount of clastic contamination and 
consists entirely of iron oxide and silica is called Cherty BIF 
(Fig. 3.5C) . In CBIF ribbon like Jaspery material is also common 
(Fig. 3.6A). The other type which contains significant amount of 
clastic material is termed as Shaly BIF. Within the SBIF, 
absolutely fresh continent derived clayey material is present 
(Fig. 3.6B and C). The iron rich layers of BIF consists of densely 
packed platy hematite, while the magnetite occurrence is 
occasional. Colourless aggregates of sericite and tabular grains 
of dirty green tourmaline appear among other constituents 
(Viswanathiah and Sathyanarayan, 1968). These bands of chert and 
iron oxides are cut across by thin veins of silica. 
The BIFs of Kushtagi schist belt show banding of various 
scales. However, in majority of cases microbanding with 
alternating silica and iron rich layers are predominant in the 
area. These alternating layers are often less than few mm. in 
thickness. These layers are integrately folded, which are 
considered as intraformational folds by Chadwick et al. (1981a) in 
case of Chitradurga schist belt. However, Naha et al. (1986) are 
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Figure 3.5A. Field photograph of absolutely fresh banded iron 
formation, exposed after the removal of overlying Kaladgi 
sediments. These BIFs are probably the least metamorphosed 
BIF present in Indian peninsula (Location - Near 
Aihole-Sulebhavi Iron Ore Mines). 
Figure 3.5B. Field photograph showing close view of the 
previously shown BIF outcrop. 
Figure 3.5C. Field photograph of Cherty Banded Iron Formation 
(CBIF), consisting entirely of hematite and chert bands 
(Location - Hiremagi-Ramthal Iron Ore Mines). 
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Figure 3.6A. Field photograph of CBIF containing jasper (Location 
Hiremagi-Ramthal Iron Ore Mines). 
Figure 3.6B. Field photograph of Shaly Banded Iron Formation 
(SBIF) containing absolutely fresh clayey material of about 
15 cms in thickness (Location - Aihole-Sulebhavi Iron Ore 
Mines). 
Figure 3.6C. Field photograph showing close view of the ab-
solutely fresh clayey material present within SBIF (Location 
Aihole-Sulebhavi Iron Ore Mines). 
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of the view that these are the second generation folds produced 
during the ductile deformation of the strata (Fig. 3.7 A ) . 
3.6.1.5 Granites 
The Kushtagi schist belt is intruded by younger granites 
(Fig. 3.7 B) which constitutes about 60% of the belt in the form 
of scattered boulders and knolls, isolated outcrops and cluster of 
hillocks. Xenoliths, clots, rafts and enclaves of schistose rocks 
are seen within the granites (Gera, 1989). These granites show 
variation in colour, texture and mineral composition. Two type 
of granites are present in the belt; viz. grey biotite granite and 
pink granite, the latter being more abundant. In the west central 
part of the belt pink granite is present whereas in the eastern 
and southern parts grey biotite granite predominates. The pink 
granite ia nonfoliated and exhibits coarse porphyritic texture. 
It is light coloured and poor in ferromagnesian minerals. The 
granite consists of quartz, potash feldspar, sodic plagioclase, 
minor amount of biotite and occasional muscovite. Perthitic 
intergrowth is also noticed. At places biotite is found to alters 
into chlorite (Gururaja Rao and Devadu, 1975). The granite is 
intrusive into gneisses and grey biotite granite. 
Gururaja Rao and Devadu (1975) have reported molybdenite 
mineralization associated with chalcopyrite and pyrite in the fine 
grained pink granite in Malatgud hillock, 8 km east of Kushtagi 
schist belt on Sindhanur-Tawargere road. The area around Malatgud 
consists of grey biotite-gneiss with inclusion of amphibolite, 
perhaps represents the Pre-Dharwarian rocks possibly equivalent to 
PG (Gururaja and Devadu, 1975). 
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Figure 3.7A. Field photograph showing integrately folded bands of 
iron oxide and silica. (Location - Aihole-Sulebhavi Iron Ore 
Mines). 
Figure 3.7B. Field photograph of pink granite. These granites 
are intrusive into the Kushtagi schist belt and marks the 
culmination of geological activity in the area (Location 
Granite quarry near village Hanamnal on Ilkal-Kushtagi road). 
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3.6.2 Structure 
The structural study of the Kushtagi schist belt is in a very 
nascent stage and no detailed work on the structure of the schist 
belts northeastern KN has been taken up as yet. Roy (1983) has 
made an attempt to decipher the structural patterns of these belts 
and concluded that the structural style of Kushtagi schist belt is 
similar to that of Sandur schist belt. The rocks have undergone 
two phases of deformation (DhDi and DhDo)> producing structures of 
two generation in hand specimen and outcrop as well. The schistose 
rocks occur in the form of highly folded syncline and anticline 
with their fold axes trending NW-SE (Fj) and NNE-SSW (Fg) 
respectively indicating two deformational events (Ananthanarayana 
et al., 1989). The banded iron formation of Kushtagi schist belt 
has been intensely deformed near the northern end of the belt 
which is underlain by the Kaladgi. Some meso scale folds are 
suspected to be the first generation F-. folds. The schistosity and 
the bedding in this belt is also parallel. However, at the hinges 
of the Fi folds an angular-relationship between schistosity and 
bedding plane is observed (Fig. 3.8 A). The first generation folds 
are isoclinal and recumbent with vertical to steep plunge of the 
fold axis. They are extremely tight and the angular relationship 
between schistosity and bedding plane is observed only at the nose 
of such folds. Most of the meso- and micro-structure folds are of 
second generation developed on a subparallel bedding schistosity 
plane (Fig. 3.8 B). Along the hinges of these folds, a fracture 
cleavage has been observed (Fig. 3.9 A). The second generation 
folds are tight to open and are generally coaxial with F, and show 
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Figure 3.8A. Field photograph of suspected first generation F^ 
fold in BIF, at hinges of the Fj fold an angular relationship 
between schistosity and bedding plane is observed (Location -
Hillock present NW of Hungund). 
Figure 3.8B. Field photograph showing meso- and micro-structure 
folds of second generation developed on a subparallel bedding 
schistosity plane (Location - Hiremagi-Ramthal Iron Ore 
Mines). 
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isoclinal nature. The nature and dimension of the second 
generation folds is highly variable and amplitude also varies 
greatly. Third generation fold appear to be large scale warping 
of the first generation fold arms. At many places the rheological 
differences between silica and iron rich layers has resulted in 
thickening of hematite rich layer at the hinges of the folds (Fig. 
3.9 B). Since the major interest of the author is the study of the 
geochemical features of BIF and associated rocks, the detailed 
structural analysis has not been carried out. However, it appears 
that the structural behaviour of the Kushtagi schist belt is 
similar to the structural pattern of other belts of KN (Roy, 1983; 
Naha et al., 1986, 1991; Naqvi and Rogers, 1987; Naha and 
Mukhopadhyay, 1990; Mukhopadhyay and Matin, 1993). The structural 
unity proposed by Naha et al. (1986, 1991) and Naha and 
Mukhopadhyay (1990) appears to be applicable to this region also. 
3.6.3 Metamorphism 
The Kushtagi schist belt is one of the least metamorphosed 
schist belt present in the KN. It is subjected to low grade 
greenschist facies metamorphism characterized by the assemblage of 
albite, actinolite, chlorite and epidote (in the schistose rock). 
The older rock unit which occurs as enclaves within the migmatite 
show amphibolite facies metamorphism as evidenced by the presence 
of quartz, hornblende, relict pyroxene and andesine. The granitic 
rocks do not show any significant effect of metamorphism 
(Ananthanarayana et al., 1989). Although Kushtagi schist is 
considered to be the least metamorphosed schist belt present in 
KN, detailed work on metamorphism is yet to be carried out. 
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Figure 3.9A. Field photograph showing fracture cleavage along the 
hinges of F2 folds (Location - Aihole-Sulebhavi Iron Ore 
Mines). 
Figure 3.96. Field photograph showing thickening of hematite rich 
layer at the hinges of the folds, formed due to Theological 
difference between silica and iron rich layers (Location 
Hillock NW of Hungund). 
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CHAPTER - IV 
DISTRIBUTION OF BIF IN KARNATAKA NUCLEUS 
4.1 Distribution of BIF in Indian Context 
The maximum development of iron-formation in India is 
restricted to the Archaean (Pichamuthu, 1974; Radhakrishna and 
Naqvi, 1986; Naqvi and Rogers, 1987). The older of these 
(3500-3000 Ma) are represented by minor bands of complexly folded 
and metamorphosed iron rich beds confined to high grade regions 
like those of Tamil Nadu, Kerala and south Karnataka. They occur 
as remnants of an older group of sediments and volcanics {Sargur 
supracrustals) engulfed in a sea of tonalitic gneisses dated at 
3305 + 54 Ma by Beckinsale et al. (1980). These have been 
designated as Tamil Nadu type (Prasad et al., 1982) and are also 
found in Bihar, Madhya Pradesh and Rajasthan. Bulk of the iron 
formations of India, however, is confined to the Archaean cratonic 
nuclei (2900-2600 Ma) forming part of the greenstone sequence 
(Sarkar et al., 1969; Sarkar and Saha, 1977) and are found in 
Bihar and Orissa (Gurumahisani, Badampahar, Tomka-Daitery, 
Janda-Koira), Karnataka (Bababudan, Kudremukh, Bellary-Hospet, 
Sandur, Chitradurga, Shimoga, Kushtagi), Maharashtra (Ratnagiri), 
Madhya Pradesh (Bailadila, Rowghat, Dalli, Rajhara) and Goa. 
Mishra (1990) has given a beautiful account of the distribution of 
Archaean BIFs of Karnataka in space and time. 
4.2 Distribution of BIF in KN 
Iron formations are found in all the schist belts of KN (Fig. 
4.1). In older greenstone belts, they are found within the 
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Figure 4.1. Geological map of Karnataka state showing the 
location and map pattern of BIF of different schist 
belts. (Modified from Manikyamba, 1992). 
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mafic/ultramafic komatiites and amphibolites. Only a few bands of 
magnetite-garnet-grunerite-quartz are found in these rocks (Naqvi, 
1981). Thickest and widest development of BIF is found in 
Kudremukh, Bababudan, Kushtagi and Sandur schist belts. In most of 
the . schist belts of KN quartz-pebble-conglomerate (QPC) and 
quartzites are followed by a dolomitic horizon which at several 
places has preserved excellent exposures of stromatolites 
(Gnaneshwar Rao, 1992; Manikyamba et al., 1993). A transition from 
stromatolitic cherty carbonate to oxide facies BIF and shales 
through manganese carbonate shales and carbonate facies BIF has 
been observed at Shimoga (Kumsi) and Chitradurga belts (Gnaneshwar 
Rao, 1992). 
4.3 Cyclicity of BIF deposition in KN 
Naqvi et al. (1988) have identified five successive units or 
cycles of BIF precipitation in the schist belts of KN (Fig. 4.2) 
which have been designated as BIFj, BIFg, BIF3, BIF4 and BIF5. 
Out of these five cycles, three have been studied in detail by 
Gnaneshwar Rao (1992). The BIF of Bababudan Group in Kudremukh 
schist belt has been studied by Khan et al. (1992) and in Sandur 
schist belt by Manikyamba et al. (1993). First cycle of BIF 
deposition (BIF1), as a very thin horizon of only 1-2 meters 
thickness is found in older greenstone belts. The second cycle of 
BIF precipitation (BIF2) took place in Javanahalli Group in 
between the amphibolites. The BIF3 cycle of around 3000 Ma in the 
Bababudan Group is most extensively developed and well preserved 
in Bababudan, Kudremukh and Sandur schist belts. In Bababudan 
Group of Kudremukh schist belt mostly cherty and shaly mixed oxide 
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Figure 4.2. Model stratigraphic sequence of schist belts of 
Karnataka nucleus, showing five successive cycles 
of BIF deposition in the older and younger schist 
belts (after Naqvi et al., 1988). 
CL 
3 
O 
a. 
o 
a: lU 
OL 
3 
(n 
a. 
< 
^ 
< 
X 
D 
8 
"5 
< 
o Q: 
3 Q 
< (r 1-
I 
o 
a. 
O 
o 
z 
< 
o D 
CO 
<I 
m i— < 
CO 
Q. 
o 
cc 
CP 
:D 
iD 
< 
UJ 
m 
X 
o 
CO 
A A A A A i^ 
:T^,:'j^.-:(^: 
7 V V V V V 
P^^^ 
LU 
CD 
\-
V) 
X 
cc 
LU 
Q 
. > \ \ \ \ \ v V 
CHITRADURGA GRANITE (2 6 Go) 
BANDED IRON FORMATION (BIF5) 
CONGLOMERATES AND GREYWACKES (I I I ) 
INTERMEDIATE AND ACID VOLCANICS 
CONGLOMERATES AND GREYWACKESOl) 
BANDED IRON FORMATION (B IF4 ) 
VOLCANICS (basic to acidic) 
GREYWACKES AND CONGLOMERATES ( I ) 
BASIC VOLCANICS (Mg r ich) 
CONGLOMERATES AND ARKOSES-GREYWACKES (1) 
SERICITIC FERRUGINOUS 
BANDED IRON FORMATION (BIF3) 
BANDED MANGAJ^CSE FORMATION 
LIMESTONES AND DOLOMITES (Stromatol i t ic) 
VOLCANICS 
QUARTZITES AND QTZ PEBBLE BASAL CONGLOMERATES 
UNCONFORMITY 
TONALITIC GNEISSES ( 3 0 Go) 
QUARTZITE 
BANDED IRON FORMATION (BIF2) 
AMPHIBOLITES 
RftRAGNElSSES AND QUARTZITES 
TONAL ITIC-TRONDHJEMmc GNEISSES ( 3 5 Go) 
HIGH Al - Mg-SEDIMENTS 
FUCHSITE QUARTZITES 
BANDED IRON FORMATION (BIF, ) 
MAFIC ULTRAMARC KOMATIITES 
PRIMORDIAL BASIC CRUST ( ? ) 
sulphide carbonate facies BIF are found. BIF^ is found in the 
Chitradurga schist belt where occurrence of oxide, carbonate, as 
well as sulphide facies BIF is found (Gnaneshwar Rao, 1992). The 
fifth and last cycle is a thin uneconomic zone of cherty and shaly 
BIF associated with greywackes. All the five cycles of BIF 
precipitation are well preserved in Chitradurga schist belt. In 
the Archaean greenstone belts, BIFs are found in three 
associations namely with (1) arenites-stromatolitic-carbonate-Mn 
formations-argillite suite (2) volcanogenetic-volcaniclastic suite 
and (3) greywacke-argillite suite. In Kushtagi schist belt of 
Bababudan Group BIFo is mostly of cherty and shaly oxide facies 
and is associated with volcanics. 
4.4 Restriction of BIF in Archaean Schist Belts 
BIFs are very well developed in India and are present in all 
the schist belts of Archaean age. However, while in Australia, 
Canada, Greenland and South Africa the BIFs are very well 
developed in early Proterozoic basins, in India they are mainly 
confined to Archaean schist belts and are not found in early 
Proterozoic basins. The middle Proterozoic basins like Cuddapah 
are devoid of BIF and its sedimentation is confined to Archaean 
schist belts (Radhakrishna et al., 1986). In KN they are mostly 
developed in 3.0 to 2.8 Ga old "Bababudan Group (Manikyamba et al., 
1993). Therefore, these BIFs have a special significance in the 
history of crustal evolution and probably represent a much more 
advanced stage of evolution of the DC and related biosphere, as 
such a thick BIF development has not taken place in the Archaean 
Greenstone belts of other shield areas (Goodwin, 1973, 1991). 
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CHAPTER - V 
PROBLEMS AND QUESTIONS RELATED TO BIF : STATUS OF INFORMATION 
AVAILABLE 
5.1 The Debate 
The genesis of BIFs of the Precambrian is highly debated and 
is a controversial aspect of geology. Limited work carried out 
during last few years has only sharpened the differences within 
the proposed models. This work has led to atleast one conclusion 
that palaeo-climatic and environmental conditions have played a 
very significant role in deposition of BIFs. The debate is 
regarding the type of climatic and environmental conditions which 
gave rise to BIFs. Most probably and according to several models 
the climatic condition during the early history of the Earth was 
entirely different from that of today (Kasting, 1993). The 
climatic and environmental conditions are likely to have affected 
the origin and evolution of early life; which in turn appears to 
have been responsible for the change from anoxic to oxic 
atmosphere and the redox potential of the ocean waters. These 
changes are probably preserved in the stable isotopic composition 
of sedimentary rocks. The factors that must have affected the 
Precambrian climate include enhanced rotation rate of the Earth, 
reduced solar luminosity, decreased exposed land area, presence of 
enormous amount of COo, absence of UV radiation protective 
covering, high rate of heat flow from the Earth, and the absence 
of vegetation on Earth's surface. Cloud cover is also a major 
uncertainty. 
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One of the major problems still debated is the source of 
iron, silica and oxygen in the BIFs (Khan et al., 1992; Kump and 
Holland, 1992; Alibert and McCulloch, 1993; Manikyamba et al . , 
1993; Morris, 1993; Widdel et al., 1993). The rhythmic layers of 
BIF clearly indicate that the deposition of iron rich and iron 
poor layers is an episodic phenomena (Morris, 1993). Majority of 
present day workers believe that BIFs are of marine origin 
(Jacobsen and Pimentel-Klose, 1988; Derry and Jacobsen, 1990; Khan 
et al., 1992; Manikyamba et al., 1993; Morris, 1993), but some 
workers still favour a fresh water origin (Hough, 1958; Haase, 
personal communication to Garrels, 1987). Some authors believe 
that their deposition took place in restricted environments 
(Eugster and Chou, 1973; Garrels, 1987), while others in the open 
sea environments (Jacobsen and Pimentel-Klose, 1988). In general, 
it is assumed that they formed under low oxic conditions in a 
2 + basin which has an enormous amount of soluble Fe , but the source 
of Fe^ "*" and SiOg is highly debated. 
5.1.1 Source of FeO and SiOo 
Since BIFs of Archaean greenstone belts contain very large 
quantity of iron, the source should be able to provide huge 
quantities of FeO. The same source is also expected to supply the 
equally huge amount of Si02 present in BIFs. The rate of supply 
of FeO and 3109 should also be consistent with the estimated mass 
and deposition time interval (Jacobsen and Pimentel-Klose, 1988). 
There are three models proposed for the source of iron and 
silica; (a) hydrothermal solutions enriched in iron and silica 
are believed to have added FeO and Si02 to the ambient ocean water 
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(Barrett et al., 1988; Pymek and Klein, 1988; Jacobsen and 
Pimentel-Klose, 1988; Derry and Jacobsen, 1990; Khan et al., 1992; 
Alibert and McCulloch, 1993; Gnaneshwar Rao and Naqvi, 1993; 
Manikyamba et al., 1993), (b) iron was carried in solution by the 
rivers into restricted basins (Garrels, 1987); iron was 
transported into the basin by aeolian storms (Carey, 1986) and (c) 
FeO and Si02 were leached out from the detrital sediments after 
deposition in the deeper and reducing portion of the ocean 
Holland, 1973; 1984). Presence of low concentration of SREE, flat 
REE to slightly enriched HREE pattern with positive Eu anomaly 
have completely ruled out the possibility of continental material 
being the only source of FeO and SiOo. Most of the models 
proposed for the source of FeO and SiOo argue for one source or 
the other, but the recent work by Khan et al. (1992), Gnaneshwar 
Rao and Naqvi (1993), Manikyamba et al. (1993) and Morris (1993) 
has indicated the irregular dominance of one or the other source. 
Presence of clayey material in BIF clearly indicates that there 
has been some contribution from landward side during the chemical 
precipitation of FeO and Si02 (Khan et al., 1992, 1993; Manikyamba 
et al., 1993). Thus the contribution of FeO and SiOg from 
continental debris cannot be completely ruled out, although the 
amount of contribution may be very little. The deep ocean water 
saturated with iron and silica was suggested as another 
alternative (Holland, 1973, 1984) source. Siraonsen (1985) has 
tested the various source models and concluded that only basinward 
source of iron can explain the observed sedimentological facts. 
Based on recent studies of REE and Nd isotopic data the 
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hydrothermal source of FeO and Si02 seems to be more convincing 
(Alibert and McCulloch, 1993). 
Nd isotopic data and REE patterns of the BIFs indicate that 
FeO, Si02 and REEs of BIFs have been provided by the hydrothermal 
solutions generated at the Mid Oceanic Ridges (Barrett et al., 
1988; Dymek and Klein, 1988; Jacobsen and Pimental-Klose, 1988; 
Beukes and Klein, 1990; Derry and Jacobsen, 1990; Khan et al. , 
1992; Alibert and McCulloch, 1993; Gnaneshwar Rao and Naqvi, 1993; 
Manikyamba et al., 1993). The hydrothermal flux during Archaean 
would have been greater if hydrothermal circulation through the 
ridges was more intense due to higher thermal regime prevailing at 
that time. The ridges today release only about 4 x 10 moles of 
Fe annually; this rate is less than 15% of the probable rate of 
deposition of Fe in the BIF of Hamersley basin {Holland, 1984). In 
terms of redox equivalents, it represents only 0.1% of the total 
oxygen consumption in the present day exogenic cycle (Kump and 
Holland, 1992). Arguments based on heat flow calculations 
suggest that either the flow of water through the ridges were 
higher or concentration of Fe in hydrothermal waters were higher 
or both were higher in the Archaean if the main source of Fe was 
hydrothermal water (Jacobsen and Pimentel-Klose, 1988). Higher 
heat production in the Archaean Earth almost certainly implies a 
higher Archaean surface heat flow which in turn should result in 
high sea-floor production rates. A substantial proportion of the 
Earth's heat flow is dissipated by the passage of sea water 
through ocean ridges. Seyfried and Janecky (1985) have found that 
the concentration of Fe in hydrothermal fluids is temperature 
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sensitive between 350 and 425°C; at 425°C the Fe content of their 
experimental fluid was approximately a hundred fold greater than 
at 350 C. If MOR hydrothermal fluids were significantly warmer in 
the Archaean than today, Fe fluxes might have been substantially 
greater, probably sufficient for the deposition of enormous amount 
of BIF. 
Enormous amount of silica precipitation has taken place along 
with iron in the absence of silica secreting bacteria during 
Archaean times, deposition of large quanity of SiO^ is also an 
unresolved problem. Precipitation of silica is also difficult to 
explain because alkaline environment is needed to bring silica 
into solution and to precipitate it, acidic environment is 
essential (Mel'nik, 1982). In view of this difficulty, LaBerge 
(1973, 1986) and Walsh (1992) believe that even silica has been 
precipitated by biological process. Cherts precipitated by 
biogenic processes during Phanerozoic (Rangin et al., 1981) are 
characterized by the presence of a strong negative Ce and absence 
of positive Eu anomalies. Their REE pattern resembles that of the 
Modern Oceanic Water, whereas cherts and ferruginous cherts 
within, and associated with, BIF have depleted 2REE, flat patterns 
with significant positive Eu anomalies (Khan et al., 1992; 
Gnaneshwar Rao and Naqvi, 1993; Manikyamba et al., 1993). These 
characteristics indcate that the SiOo of cherts is also supplied 
by the hydrothermal solutions. 
5.1.2 Source of Oo 
As the source of FeO and Si02 should be capable of providing 
huge quantity of dissolved FeO and Si02) the source of O2 also 
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must be consistent with the rate of oxidation of FeO to FenOo 
within a short time. Archaean atmosphere is generally believed to 
be anoxic (Cloud, 1973, 1983; Walker et al., 1983; Kasting, 1987, 
1993; Walker, 1987; Morris, 1993). However, other models of oxic 
atmosphere at an early stage are also suggested (Dimroth and 
Kimberley, 1976; Towe, 1983, 1990). Anoxic atmosphere at or 
around 3.0 Ga, is evidenced by detrital pyrite and uraninite 
bearing conglomerate at the base of Dharwar Supergroup and some 
other sequences of Archaean cratons (Swami Nath and Ramakrishnan, 
1981; Walker et al., 1983; Arora and Naqvi, 1993). Thus, a source 
of oxygen is needed not only to precipitate FeO into Fe20o but 
also to gradually change the anoxic to oxic atmosphere by 2.0 Ga 
ago. 
There are three possible ways by which required ©2 can be 
produced; one of them is biotic and the other two are abiotic. 
Abiotic sources of oxygen includes photodissociation of water 
vapour by solar UV radiation (Berkner and Marshall, 1965; Towe, 
1978, 1988; Canute et al., 1983) and by radiolysis of water 
induced by ionizing radiation of potassium-40 (Draganic et al., 
1991). The third process of oxygen generation is bictic, known as 
photosynthesis. At variance with abiotic sources of oxygen in the 
early hydrosphere, the photosynthetic generation of oxygen seems 
to be more appropriate. It merits more attention than given in 
the studies of the oxidation state of the Archaean ocean. If 
abiotic processes were instrumental in oxygen production for the 
2 + 3 + 
oxidation of Fe into Fe in basins like the Hamersley or 
Animikie, the slow rate of oxygen production would require five 
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billion years at least for the precipitation of all the iron 
present in these basins. On the other hand it is estimated that 
the BIFs of Dales Gorge Member of the Hamersley basin were 
deposited within 2.0 Ma (Trendall, 1983; Morris, 1993). In view of 
the close association of microbial forms, stromatolites and the 
organic carbon, the biotic source of Oo explains many observed 
facts in the BIFs (Cloud, 1973, 1983; Chapman and Schopf, 1983; 
Schopf, 1983; Schopf and Walter, 1983; Walter and Hofmann, 1983; 
Klein et al., 1987; Naqvi et al., 1987; Towe, 1988; Srinivasan et 
al., 1989, 1990; Vasudev et al., 1989; Venkatachala et al., 1989; 
Hofmann et al., 1991; Manikyamba et al., 1993). Occurrence of 
sulphide facies BIF in most of the BIF basins along with oxide and 
carbonate facies indicate that probably the ocean water was 
stratified as far as the dissolved amount of CO2 and O2 are 
concerned (Klein and Beukes, 1989). In some of the greenstone 
belts of India the O2 level was high enough to allow Mn02 
precipitation, which is associated with organic matter, 
stromatolites and a few bands of cherts containing cyanobacteria 
(Manikyamba and Naqvi, 1993a). Microfossils and pseudo 
microfossils are found in Chitradurga schist belt (Suresh, 1982) 
and the 6-^ C^ values (-16.5%. MSW) of the carbon present in it 
provide the basic data to infer the relationship between the 
deposition of BIF and biogenic activity (Gnaneshwar Rao and Naqvi, 
1993). Schopf (1993) has described eleven taxa of cellularly 
preserved filamentous microbes from bedded chert unit of 
approximately 3465 Ma old Apex basalt of Western Australia; 
suggesting that oxygen-producing photoautotrophy may have already 
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evolved by this early stage in biotic history. Therefore, the most 
probable source of Og appears to be photosynthesis which has been 
advocated by a large number of workers (Cloud, 1983; Schidlowski, 
1989, 1990; Walker, 1987; Kasting, 1993; Morris, 1993; Schopf, 
1993). However, Widdel et al. (1993) on the basis of their 
experimental studies, have demonstrated that oxygen-independent 
biological iron oxidation was possible before the evolution of 
oxygenic photosynthesis and thus have questioned the assumption 
that the appearance of Fe (III) oxides in BIFs is always an 
indicator of the appearance of free oxygen. 
5.1.3 Banding in BIF 
The rhythmic bands of iron and chert in BIF is also one of 
the major problems awaiting satisfactory explanation. Trendall 
(1983) and Garrels (1987) have proposed that the BIFs were 
deposited in basins, where evaporation exceeded the rate of annual 
addition of iron rich and silica rich solutions and resulted in 
varved like nature of the BIFs. Morris (1993) has advocated the 
formation of bands by interaction of two major oceanic supply 
systems : (1) surface currents and (2) convective upwelling from 
MOR or hot-spot activity. These supply systems are modified by 
varied input of pyroclastic material. The chert rich band was 
formed under seasonal meterological influence by precipitation of 
silica from the surface currents, saturated with silica, whereas, 
the iron rich band precipitated frcE convection driven upwelling 
of high iron solutions from MOR or hot-spot activity. Thus, 
silica was deposited from saturated solution mainly by evaporative 
concentration, and iron by oxidation due to photolysis and 
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photosynthetically produced oxygen. This model given by Morris 
(1993) does not seem to be consistent with the REE and Nd isotopic 
data as discussed in previous sections and subsequent chapters as 
source for FeO and SiOg has to be the same. 
Cloud (1973, 1983) believes that discontinuous availability 
2 + 
of O2 and Fe or both have resulted in the deposition and 
microbanding of BIF. LaBerge (1973, 1986) and Nealson and Myers 
(1990) have invoked direct role of iron and silica secreting and 
iron reducing bacteria for the formation of chemical banding 
observed in the BIFs. Iron oxides and hydroxides were formed by 
reaction between FeO and photosynthetically generated O2• 
5.2 The Present Status 
The present status regarding the BIFs seems to be that no 
single model is able to explain all the characteristics of BIF of 
different basins. For example, in the early Proterozoic, the Earth 
acquired a fairly stable condition from an unstable regime. 
These tectonic changes lowered volcanic activity and the input of 
iron and reduced gases [H2, CH^ (methane), NHg (ammonia)] into the 
ocean. Two Proterozoic BIF bearing basins of Australia i.e the 
Hamersley and the Nebburu basin show different modes of origin of 
BIF. In Hamersley basin the BIFs are flat and their deposition as 
varves seems plausible, (Trendall, 1983; Garrels, 1987; Morris, 
1993) but in Nebburu basin deposition of BIF has been related to a 
time of maximum transgression (Goode et al., 1983). In DC the 
BIFs have been found to be of two different association 
(Manikyamba et al., 1993). Chitradurga, Shimoga and Sandur schist 
belts are associated with stromatolites, manganese formation and 
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carbon phyllites whereas Bababudan, Kushtagi and Kudremukh belts 
are devoid of these associations. All these factors clearly 
indicate that the deposition of BIF cannot be related to a single 
process. There are BIFs of different nature, type, tectonic 
setting and depositional history and are products of a complex 
interplay between hydrosphere, biosphere, atmosphere and 
lithosphere. Interaction between depositional environment, 
tectonic setting, biogeochemical processes and the chemical 
characteristics of the ocean basins have all played their role to 
generate these most interesting rock suites (Khan et al., 1992; 
Gnaneshwar Rao and Naqvi, 1993; Manikyamba et al., 1993). In view 
of all these facts, in the present work, fresh and least 
metamorphosed BIF present along with the associated metavolcanics 
in DC have been studied to provide new information on BIF genesis. 
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CHAPTER - VI 
MINERALOGY AND PETROLOGY OF BANDED IRON FORMATION 
6.1 General Statement 
BIFs are characterised by great diversity of environment of 
deposition, lithological association and composition. 
Consequently, these rocks show varying mineral associations having 
different degrees of oxidation and different oxidation-reduction 
capacities, different original contents of water O2, COo and S and 
uneven distribution of corresponding minerals (e.g. carbonates and 
silicates) (Mel'nik, 1982) resulting in formation of different 
facies of one or two dominant mineral either oxides, carbonates, 
sulphides or silicates (James, 1954). Recent studies on BIFs 
indicate that three processes namely, hydrothermal/fumarolic 
activity, volcaniclastic debris settling and terrigenous 
sedimentation simultaneously along with chemical precipitation 
have contributed to the formation of BIFs (Gnaneshwar Rao, 1992; 
Khan et al., 1992; Manikyamba et al., 1993) and have given rise to 
the formation of various types of silicates and carbonates in 
otherwise pure chemical sediments. Although there have been 
numerous mineralogic and petrologic studies on BIFs (Ayres, 1972; 
Dimroth and Chauvel, 1973; Immage and Klein, 1976; Floran and 
Papike, 1978; Majumdar and Chakraborty, 1979; Klein and Gole, 
1981; Haase, 1982; Klein, 1983; Chadwick et al., 1986; Dymek and 
Klein, 1988; Laajoki and Devaraju, 1989; Stanton, 1989; Khan et 
al., 1993), still the original primary mineralogy of BIF is highly 
debated. It is almost impossible to obtain first-hand information 
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on the primary mineralogy of the BIF even if it is in diagenetic 
stage (Klein, 1983). Only inference can be made about original 
mineralogy, based on laboratory evidence of the crystallization of 
siliceous gels and the behaviour of Fe-oxides and hydroxides at 
low temperatures and pressures (25°C and atmospheric pressure) and 
on theoretical evaluations. Such inferences are possible only if 
one accepts the BIFs as chemical precipitates (e.g. James, 1954). 
If the mineralogical assemblages are considered to be the result 
of some earlier replacement processes (e.g. Dimroth, 1977), such 
assemblages provide very few, if any, chemical or mineralogical 
clues about the precursor materials (Klein, 1983). 
The essential mineral present in an oxide facies BIF is 
chert/quartz, magnetite and/or hematite. Different views have 
been expressed concerning the formation of iron oxides in BIFs. 
While some authors advocate that it is a diagenetic or metamorphic 
product of primary precipitates (Cloud, 1983; Klein, 1983; 
Stanton, 1989), other have argued in favour of its production due 
to bacterial activity (LaBerge, 1986). Cloud (1983) proposed the 
hypothesis of "microbial oxygen balance". It suggests deposition 
of Fe as ferric hydroxides, a chemical byproduct of the local 
and temporary presence of photosynthetic O2. LaBerge (1973, 1986) 
believes that iron was precipitated by iron secreting bacterias. 
The intial mineralogy was metastable siderite-hematite-chert, 
which results in widespread development of magnetite and/or 
iron-silicates on subsequent metamorphism. Klein (1973) believes 
that the type of materials that could have been the precursors of 
the presently observed magnetite/hematite would have been 
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hydromagnetite (Fe304.nH20) or mixtures of iron hydroxides 
[Fe(0H3) and Fe(0H)2]. Hackett and Bischoff (1973) observe that 
iron oxides in the sediment appears to form directly from a 
precursor, may be limonite, and develops during sedimentation and 
diagenesis. Limonite is the precursor to goethite, goethite to 
hematite and hematite to magnetite (Stanton, 1989). Manikyamba 
(1992) has given the evidence for the biogenic nature of hematite, 
based on the presence of coccoids in the CBIF of Sandur schist 
belt. This interpretation is very similar to the one given by 
LaBerge (1986) for the formation of iron oxides. However, similar 
structures from Sokoman Iron Formation near Labrador and the 
nanospheres of hematite found in Marrambaba BIF of the Hamersley 
basin, Australia, have been considered to be due to colloidal 
precipitation unrelated to biogenic activity (Lesher, 1978; Ahn 
and Buseck, 1990; Heaney and Veblen, 1991). 
A current, strongly held view is that the silica-secreting 
organisms were largely responsible for the deposition of chert in 
Archaean time. Walsh (1992) has reported widespread textural 
evidence for microbial activity in the cherts of the early 
Archaean Onverwacht Group in the form of layers with fine 
carbonaceous laminations resembling fossil microbial mats and 
filamentous microfossils. LaBerge (1973, 1986) has also advocated 
that the deposition of silica is biologically controlled. 
Presumably silica may have been precipitated largely by Eosphaera 
tyleri (double walled photosynthetic microfossil) in a periodic 
fashion (LaBerge, 1986). 
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Dimroth and Chauvel (1973) worked on the BIF of Sokoman Iron 
Formation and found close similarity between the sedimentary 
textures of BIF and limestone. They (ibid) applied Folk's (1962) 
classification of limestone to the iron formation and recognized 
following textural elements : (a) femicrite (a matrix of iron 
silicate and carbonate) and matrix chert, both analogous to 
micrite; (b) cement chert and carbonatic cements; (c) aggregated 
particles, comparable to Folk's allochems : pellets, intraclasts, 
ooliths and pisolites. Beukes (1980) proposed a comprehensive 
nomenclature of BIF, based on Dimroth and Chauvel's (1973) earlier 
suggestion that carbonate rock nomenclature provides the best 
model for application to iron-formation. Beukes (1980) extended 
these nomenclature to cover the full range of banded, granular and 
intermediate textural types present in BIF of the Transvaal 
Supergroup, South Africa. 
Dimroth and Chauvel (1973) were of the view that atleast four 
types of particles have been precipitated from sea water: 
siderite, an iron silicate of unknown mineralogy ("precursor 
silicate"), silica-gel, and silica-gel with adsorbed iron-oxide 
hydrate. The iron-oxide hydrate is precipitated under oxidizing 
conditions and siderite is precipitated if the electron potential 
is below the "hematite-siderite fence". Precipitation of siderite 
furthermore depends on the CO^ content of sea water but the 
physicochemical conditions of the precipitation of the "precursor 
silicate" are unknown. Iron and silica were co-precipitated as 
mixed gels under oxidizing conditions. The precipitated particles 
accumulated as femicrites and as matrix cherts. Pellets are 
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invariably present in matrix chert. The first-cycle rocks 
(femicrite and matrix chert) were fragmented to form intraclasts. 
Ooliths and pisolites accreted at the surface of objects that were 
kept in suspension in a turbulent environment. The intraclasts, 
ooliths, and pisolites were transported and deposited to form 
second-cycle rocks. Repetition of these processes leads to the 
formation of intraclasts and ooliths with complex internal 
textures (Dimroth and Chauvel,1973). 
Archaean BIFs of India have usually been metamorphosed to 
varying grades which has altered their primary mineral 
composition. Reconstruction of depositional facies of iron 
formation, therefore, requires reconstruction of primary 
assemblage, through an understanding of the diagenetic/metamorphic 
reactions which have given rise to the observed mineral 
assemblages. Mineralogical details of the BIF of DC have been 
rarely studied except at a few places (Devaraju and Laajoki, 
1986; Chadwick et al., 1986; Devaraju et al., 1986; Mahabaleswar, 
1986; Laajoki and Devaraju, 1989; Khan et al., 1993). The BIF of 
Kushtagi schist belt is one among the least metamorphosed BIFs of 
Archaean age therefore it gives the mineral content of BIF which 
may be near to primary mineral composition. 
BIFs of Kushtagi schist belt have relatively simple 
mineralogy; the meso-bands and micro-bands are mainly composed of 
hematite and chert. BIF present in the belt are of two types. 
One which contains no or negligible amount of clastic 
contamination and consists entirely of iron oxide and silica is 
termed as Cherty Banded Iron Formation (CBIF). The other type 
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which contains significant amount of clastic material is termed as 
Shaly Banded Iron Formation (SBIF). In CBIF ribbon like jaspery 
material is also common. The mineralogy of CBIF is very simple, 
whereas the same of the SBIF is slightly complex. The mineralogy 
of BIF indicates that most of the BIFs in this schist belt have 
been metamorphosed to lower greenschist facies. Exact condition 
of metamorphism in this belt have been estimated on the basis of 
1 Q 
the study of 6 0 on BIF and will be discussed in Chapter IX 
(Table 9.3). 
6.2 Cherty Banded Iron Formation 
CBIF mainly consists of alternating bands of 
crypto-crystalline to micro-crystalline chert (Fig. 6.1A) and 
anhedral hematite with occassional minute grains of muscovite 
(Fig. 6.IB). The thickness of iron-rich layers and the 
concentration of hematite in different layers is extremely 
variable. The layers show abrupt changes from a silica rich to an 
iron rich nature. On the other hand in some cases the quantity of 
hematite grains gradually diminishes into a chert rich layer. In 
many thin sections hematite microbands consisting of chain of 
hematite crystals are seen. In pure chert band hematite is also 
present as disseminated grains (Fig. 6.1C) or as very minute bands 
consisting of a chain of one or few grains of hematite (Fig. 
6.1A). The folding observed on outcrop section (Chapter III) is 
also observed at micro levels (Fig. 6.2A and 6.2B). The bottom of 
microfolds shows closed structure which gradually opens up 
towards the top. It may be due to differential stress acting on 
BIF. This differential stress is reflected in the size of grains 
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Figure 6.1A. Photomicrograph of CBIF showing the rhythmic layer-
ing of hematite and chert. Ewen within pure chert band 
minute bands of hematite are observed (X 35). 
Figure 6.IB. Photomicrograph showing presence of occassional 
grains of muscovite in CBIF (X 100). 
Figure 6.1C. Photomicrograph showing presence of disseminated 
hematite grain within pure chert band (X 100). 
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in a single band also. In a single chert band, minute layering of 
chert grains of three different sizes is observed (Fig. 6.2C). 
Clustering of minute dust (hematite?) to form the microbands is 
observed at certain places and the alignment of these microbands 
sometimes gives the impression of a filamentous structure (Fig. 
6.3A and 6.3B). 
Apart from hematite and chert sporadic occurrence of 
muscovite is also observed in CBIF of Kushtagi schist belt (Fig. 
6.IB). The abundance of muscovite is more in SBIF. 
6.2.1 Hematite 
Hematite is observed to be present in the form of chains. At 
places it is present as anhedral disseminated grains. Cleavage is 
not observed under reflected light. It shows pure white colour 
(Fig. 6.3C). It is anisotropic under crossed nicols, with no 
internal reflections being observed. Hematite does not contain 
any inclusion of ilmenite or any other mineral as shown by its 
composition (Table 6.1). 
6.2.2 Chert 
Chert is the most abundant mineral, other than hematite, in 
the Kushtagi Iron Formation. It is cryptocrystalline to slightly 
crystalline and is extremely fine grained. Recrystallization in 
certain layers has resulted in the formation of coarse grained 
quartz. At places due to coating by iron oxide, the cherts have 
become jasper, showing red tint. 
6.2.3 Muscovite 
Muscovite is present as minute detrital grains within chert 
band. The occurrence of muscovite in CBIF is occassional. It is 
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Figure 6.2A. Photomicrograph showing folding in BIF at micro level 
(X 35). 
Figure 6.2B. Photomicrograph showing folding in BIF at micro 
level (X 35). 
Figure 6.2C. Photomicrograph showing presence of chert bands of 
three different sizes in a single chert band (X 35). 
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Figure 6.3A. Photomicrograph showing clustering of minute dust 
(hematite ?) which gives the impression of a filamentous 
structure (X 400). 
Figure 6.3B. Photomicrograph showing alignment of clusters of 
minute dust (hematite?) in form of microbands, giving the im-
pression of filamentous structure (X 100). 
Figure 6.3C. Photomicrograph of CBIF under reflected light show-
ing disseminated grains of hematite (X 400). 
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TABLE 6.1 
N 
Si02 
AI2O3 
TiOo 
FeO* 
MgO 
Na20 
K2O 
Total 
REPRESENTATIVE ELECTRON MICROPROBE ANALYSES 
MUSCOVITE 
3 
49.18 
28.42 
0.01 
4.93 
2.62 
0.31 
11.15 
96.62 
1 
49.66 
27.28 
-
4.80 
2.92 
0.30 
12.05 
97.01 
2 
52.11 
25.57 
0.05 
4. 75 
2.72 
0.51 
10.67 
96.38 
3 
48.34 
27.28 
0.01 
5.28 
2.73 
0.49 
11.25 
95.38 
OF 
4 
49,94 
26.20 
0.03 
5.25 
2.74 
0.33 
11.01 
95.50 
Cation based on 22 oxygen 
Si 
AlIV 
AlVI 
Ti 
Fe2 + 
Mg 
Na 
K 
Total 
6.594 
1.406 
3.087 
0.001 
0.553 
0.524 
0.081 
1.907 
14.153 
6.666 
1.334 
2.983 
-
0.539 
0.534 
0.078 
2.063 
14.197 
6.955 
1.045 
2.978 
0.005 
0.530 
0.541 
0. 132 
1 .817 
14.003 
6.602 
1.398 
2.995 
0.001 
0.603 
0.556 
0, 130 
1.960 
14.245 
6.779 
1.221 
2.972 
0.003 
0.596 
0.554 
0.087 
1.907 
14.119 
* Total Fe reported as FeO 
N = Number of spots analysed on an individual grain 
REPRESENTATIVE ELECTRON MICROPROBE ANALYSES OF HEMATITE 
Si02 
AI2O3 
TiOo 
FeO* 
MnO 
MgO 
CaO 
Na20 
K2O 
NiO 
Cr203 
Total 
0.65 
0.28 
0.06 
90.40 
0.05 
0.04 
0.04 
-
0.04 
-
0.05 
91.61 
0.34 
0.26 
0.11 
91.10 
-
-
0.08 . 
0.20 
0.09 
0.01 
0.04 
92.23 
0.09 
0.06 
-
90.94 
-
-
0.06 
0.12 
0.06 
0.05 
0.03 
91.41 
0.15 
0.15 
0.07 
89.99 
-
0.05 
0.03 
0.22 
0.06 
0.12 
0.03 
90.87 
1.29 
0.08 
-
88.37 
0.01 
-
0.06 
0.34 
0.07 
-
-
90.22 
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colourless in plane polarized light. Chemical composition of 
muscovite is given in Table 6.1. Ti content is extremely low. 
6.3 Shaly Banded Iron Formation 
Interbedded with CBIF, SHIP is found at several places. SBIF 
has a variable mineralogical composition. It has extremely thin 
silica, iron and clay-mineral rich layers. Under the microscope 
identification of minerals present is almost impossible because of 
their fine grained nature. XRD analysis of fifteen SBIF samples 
has indicated the presence of kaolinite and muscovite besides 
hematite and chert in them. This mineralogy of BIF is different 
from the mineralogy of BIFs in other parts of DC. The CBIF of 
Kudremukh, Bababudan and Sandur have been reported to contain 
different types of amphiboles, carbonates and some other minerals 
(Chadwick et al., 1986; Manikyamba, 1992; Khan et al., 1993). 
Presence of kaolinite and detrital muscovite with low Ti content 
indicates that the BIFs of Kushtagi schist belt has been 
metamorphosed upto lower greenschist facies. All kaolinite 
minerals decompose at approximately 400°C, throughout the range of 
pressures 2500 to 25,000 Ib/in^ (Deer et al., 1979). Thus it 
seems that BIFs of the studied area has not been subjected to even 
a temperature of 400°C, at a moderate pressure. 
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CHAPTER - VII 
MINERALOGY AND PETROGRAPHY OF ASSOCIATED VOLCANICS 
7.1 Introduction 
The Kushtagi schist belt consist acidic and basic types of 
metavolcanics. The volcanics of the belt, in general, show a 
reconstituted mineralogy. The metabasalts are massive as well as 
schistose. The massive variety shows deformed pillow structures, 
whereas the schistose variety are represented by 
actinolite-chlorite schist, actinolite-plagioclase schist and 
actinolite-tremolite schist. The varieties grade from one to the 
other. In metabasalt both massive and schistose varieties have 
been studied. The massive variety is fine grained whereas 
schistose variety is medium grained. The planar arrangement of 
actinolite and chlorite defines the schistosity. The most common 
minerals present in basic volcanic are green to yellow actinolite 
(fibrous and prismatic) and plagioclase. Poikiloblasts of 
plagioclase carry the inclusions of chlorite, actinolite and 
epidote. Though chlorite and sphene form an important component, 
calcite and ilmenite are also present in significant amount. 
The acidic metavolcanics are leucocratic-light grey in 
colour, porphyritic in hand specimen and in thin sections with 
phenocrysts of albite and quartz. The ground mass consists of 
muscovite, albite, chlorite, quartz, ilmenite, magnetite and 
calcite. Muscovite is present within plagioclase grains also. 
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7.2 Textures and Microstructures 
The rocks under study display a complex interplay of grain 
growth, deformation and hydration reactions. Often rocks have 
escaped metamorphism and as a result, relict primary structures 
and textures are preserved. Relict porphyritic textures with large 
palimpset plagioclase in various stages of degradation are common 
(Fig. 7.lA and B). Palimpset olivines or pyroxenes were not 
observed in metavolcanics from Kushtagi schist belt. The massive 
metabasalts with pillow structures, show accicular aggregates 
consisting of elongated grains of actinolite, chlorite and 
plagioclase (Fig. 7.1C and D). 
The acid volcanics show typical porphyritic texture with 
microcrystalline ground mass and porphyroblasts made up of 
plagioclase and quartz (Fig. 1.2k and B). Plagioclase and quartz 
are present in ground mass along with fibrous muscovite and 
chlorite. The sheet silicates define schistosity which is 
deflected around quartz phenocrysts (Fig. 7.2C). Ilmenite and 
magnetite are the accessory phases present in ground mass. 
Calcite occurs in small quantity as a replacement mineral (Fig. 
7.2D). Plagioclase is found to alter (Fig. 7.2B). 
7.3 Mineralogy of Volcanics 
Four sections, two of mafic (sample No. RN-17 and RKY-10) and 
two of acid (Sample No. RKL-16 and 44) volcanics were selected for 
EPMA study. Following mineral association are present in them: 
1) RN 17 - quartz + actinolite + chlorite + albite + sphene 
+ calcite + ilmenite + epidote 
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Figure 7.1A. Photomicrograph showing relict porphyritic texture 
in schistose metabasalt with large palimpset plagioclase 
(X 100). 
Figure 7.IB. Photomicrograph showing relict porphyritic texture 
in pillow basalt with degraded plagioclase (X 35). 
Figure 7.1C. Photomicrogaph of pillow basalt showing extremely 
fine grained accicular aggregates of actinolite, chlorite and 
plagioclase (X 35). 
Figure 7.ID. Photomicrograph of pillow basalt showing accicular 
aggregates of actinolite, chlorite and plagioclase (X 35). 
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Figure 7.2A. Photomicrograph of acid volcanic showing typical 
porphyritic texture with microcrystalline groundmass and por-
phyroblast of plagioclase (X 100). 
Figure 7.2B. Photomicrograph showing altered plagioclase 
prophyroblast in acid volcanic (X 35). 
Figure 7.2C. Photomicrograph showing development of schistosity 
in acid volcanic. Sheet silicates may be noticed deflected 
around quartz phenocryst (X 100). 
Figure 7.2D. Photomicrograph showing presence of calcite as a 
replacement mineral in acid volcanic (X 100). 
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2) RKY 10 - quartz + actinolite + chlorite + albite + sphene 
+ calcite + ilmenite + epidote 
3) RKL 16 - quartz + albite + chlorite + muscovite + calcite + 
ilmenite + magnetite 
4) RKL 44 - quartz + albite + chlorite + muscovite + calcite + 
ilmenite + magnetite 
The electron probe microanalysis of the volcanic rocks from 
Kushtagi schist belt is given in Table No. 7.1 and 7.2. 
7.3.1 Actinolite 
Actinolite is one of the most abundant silicate present in 
metabasalts of Kushtagi schist belt. It is absent in acid 
volcanics. It is generally euhedral to subhedral, fibrous to 
columnar in form, pleochroic from pale yellow to green, showing 
typical cleavages of amphiboles (Fig. 7.3A). The extinction angle 
varies from 10° to 21°. The chemical composition is given in 
Table 7.1. According to the classification of Hawthorne (1981), 
it is ferro-actinolitic hornblende with Xj^ g^ around 4.2 (Table 
7.1). 
7.3.2 Albite 
Albite is present in both acid (Fig. 7.2A and B) and basic 
(Fig. 7.1A and B) volcanics and shows similar optical characters. 
It is colourless and,exhibits repeated twinning on the albite law. 
The extinction angle ranges from 0° to 10°. In basic volcanics, it 
is minor in amount and occurs as euhedral phenocrysts and in 
prismatic form, whereas in acid volcanics, it is present in 
substantial amount in the form of phenocrysts of coarse to medium 
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TABLE 7.1 REPRESENTATIVE ELECTROH HICROPROBE ANALYSES OF 
SAMPLE No. RN-17 
N 
Si02 
AI2O3 
TiOo 
FeO^ 
MnO 
MgO 
CaO 
Na20 
K2O 
Total 
Oxygens 
Si 
ftllV 
AlVI 
Ti 
Fe2^ 
Hn 
«g 
Ca 
Na 
K 
Total 
^Mg 
'^ Fe 
Ab Mol.* 
An 
Or 
1 
3 
25.84 
20.76 
0.06 
34.30 
0.35 
10.02 
O.H 
0.08 
0.12 
91.67 
28 
5.452 
2.548 
2.616 
0.010 
6.053 
0.063 
3.151 
0.032 
0.033 
0.032 
19.989 
0.34 
0.66 
-
-
-
2 
4 
48.54 
5.47 
0.18 
22.04 
0.31 
8.86 
12.19 
0.69 
0.29 
98.57 
23 
7.305 
0.695 
0.275 
0.020 
2.774 
0.040 
1.987 
1.966 
0.201 
0.056 
15.318 
0.42 
-
-
-
-
3 
2 
0.09 
0.04 
0.03 
0.53 
0.37 
0.01 
55.40 
-
0.05 
56.52 
6 
0.009 
0.005 
-
0.002 
0.044 
0.031 
0.001 
5.891 
-
0.006 
5.990 
-
-
-
-
-
4 
3 
31.12 
1.29 
37.52 
0.63 
0.02 
0.02 
28.95 
0.06 
0.08 
99.69 
20 
4.077 
0.199 
-
3.697 
0.069 
0.002 
0.004 
4.064 
0.015 
0.013 
12.141 
-
-
-
-
-
5 
2 
0.03 
0.15 
64.57 
31.56 
2.09 
0.04 
0.07 
0.07 
0.08 
98.66 
6 
0.001 
0.008 
-
2.315 
1.258 
0.084 
0.003 
0.004 
0.006 
0.005 
3.685 
-
-
-
-
-
6 
4 
65.58 
20.49 
0.09 
0.18 
0.01 
-
0.83 
11.65 
0.09 
98.92 
32 
11.663 
4.296 
-
0.012 
0.027 
0.002 
-
0.158 
4.017 
0.020 
20.196 
-
-
95.76 
3.77 
0.48 
7 
2 
38.84 
24.63 
0.09 
11.41 
0.13 
0.02 
24.29 
-
0.03 
99.44 
13 
3.214 
2.403 
-
0.006 
0.790 
0.009 
0.002 
2.154 
-
0.003 
8.581 
-
-
-
-
-
« Total Fe reported as FeO 
N : Nuiber of spots analysed on an individual grain 
X«g : Mg/(Mg+Fe) 
Xpg : Fe/(Fe+Mg) 
1 : Chlorite; 2 : Actinolite; 3 : Calcite; 4 : Sphene; 
5 : Ilienite; 6 : Albite; 7 : Epidote 
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TABLE 7.1 (Contd...) SftHPLE Ho. RKY-10 
N 
Si02 
ftljOj 
TiOj 
FeO* 
HnO 
NgO 
CaO 
NajO 
KjO 
1 
3 
48.73 
<.n 
0.16 
21.74 
0.34 
9.19 
12.56 
0.63 
0.24 
2 
3 
26.59 
2o.es 
0.05 
33.32 
0.42 
10.51 
0.10 
0.05 
0.05 
3 
4 
31.20 
Lie 
38.49 
0.85 
0.06 
0.05 
28.72 
0.04 
0.08 
4 
3 
64.97 
21.13 
0.04 
0.06 
0.02 
0.01 
0.54 
12.72 
0.12 
5 
3 
0.05 
-
52.17 
43.56 
3.64 
0.01 
0.28 
0.13 
0.05 
6 
2 
39.35 
23.95 
0.14 
11.47 
0.20 
-
23.24 
0.34 
0.04 
7 
2 
0.04 
-
0.01 
0.75 
0.62 
0.09 
57.10 
0.03 
0.03 
Total 98.38 91.92 100.67 99.61 99.89 98.73 58.67 
Oxygens 
Si 
AlIV 
AlVI 
Ti 
Fe2+ 
Mn 
Ng 
Ca 
Na 
K 
Total 
> 
ftb Mol.^ 
An 
Or 
23 
7.347 
0.653 
0.198 
0.018 
2.741 
0.043 
2.065 
2.029 
0.184 
0.046 
15.325 
0.43 
-
-
-
-
28 
5.549 
2.451 
2.674 
0.008 
5.816 
0.074 
3.269 
0.022 
0.020 
0.013 
19.897 
0.36 
0.64 
-
-
-
20 
4.050 
0.181 
-
3.757 
0.092 
0.007 
0.010 
3.994 
0.010 
0.013 
12.114 
-
-
-
-
-
32 
11.522 
4.418 
-
0.005 
0.009 
0.003 
0.003 
0.103 
4.374 
0.027 
20.464 
-
-
97.11 
2.29 
0.60 
6 
0.003 
-
-
1.986 
1.844 
0.156 
0.001 
0.015 
0.013 
0.003 
4.020 
-
-
-
-
-
13 
3.273 
2.349 
-
0.009 
0.798 
0.014 
-
2.071 
0.055 
0.004 
8.573 
-
-
-
-
-
6 
0.004 
-
-
0.001 
0.060 
0.050 
0.013 
5.863 
0.006 
0.004 
6.000 
-
-
-
-
-
* Total Fe reported as FeO 
N : Nuiber of spots analysed on an individual grain 
X„g : H9/(Hg+Fe) 
Xpg : Fe/(Fe+Mg) 
1 : Actinolite; 2 : Chlorite; 3 : Sphene; 4 : Albite; 
5 : Ilienite; 6 : Epidote; 7 : Calcite 
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TABLE 7.2 REPRESEMTATIVE ELECTRON HICROPROBE AHALYSES OF 
SAMPLE NO. RKL-16 
Si02 
AljOj 
TiOo 
FeO* 
MnO 
HgO 
CaO 
NajO 
1^ 20 
NiO 
CrjOj 
Total 
Oxygens 
Si 
AlIV 
AlVI 
Ti 
F82+ 
Hn 
H9 
Ca 
Na 
K 
Ni 
Cr 
Total 
"Fe 
Ab Nol.t 
An 
Or 
1 
64.00 
21.66 
0.02 
0.03 
-
-
3.56 
10.28 
0.11 
-
-
99.66 
32 
11.365 
4.534 
-
0.003 
0.004 
-
-
0.677 
3.540 
0.025 
-
-
20.148 
-
-
83.45 
15.96 
0.59 
2 
63.82 
23.51 
-
0.04 
0.03 
0.02 
2.37 
10.53 
0.36 
-
-
100.68 
32 
11.204 
4.866 
-
-
0.006 
0.004 
0.005 
0.446 
3.584 
0.081 
-
-
20.196 
-
-
87.18 
10.85 
1.97 
3 
26.40 
24.26 
0.10 
23.84 
0.32 
13.88 
0.05 
-
0.05 
0.04 
-
88.94 
28 
5.402 
2.598 
3.254 
0.015 
4.079 
0.055 
4.232 
0.011 
-
0.013 
0.003 
-
19.664 
0.51 
0.49 
-
-
-
* Total Fe reported as FeO 
Xhg •• Hg/(Ng+Fe) 
Xpg : Fe/(Fe+Ng) 
1 : Albite (coarse grained); 2 : 
3 - Chlorite (coarse grained); 4 : 
5 - Muscovite; 6 : Ilienite; 7 -
4 
28.88 
19.17 
0.57 
23.63 
0.18 
14.64 
0.29 
0.01 
0.63 
0.04 
0.09 
88.13 
28 
5.986 
2.014 
2.670 
0.089 
4.096 
0.032 
4.522 
0.064 
0.004 
0.167 
0.003 
0.015 
19.661 
0.53 
0.48 
-
-
-
5 
46.50 
30.71 
0.20 
4.17 
0.05 
1.47 
-
0.40 
11.24 
-
0.01 
94.75 
22 
6.358 
1.642 
3.308 
0.021 
0.477 
0.006 
0.300 
-
0.106 
1.961 
-
0.001 
14.179 
-
-
-
-
-
6 
0.89 
0.13 
53.89 
40.33 
2.71 
0.12 
0.72 
0.44 
0.11 
-
0.02 
99.36 
6 
0.044 
0.008 
-
2.017 
1.679 
0.114 
0.009 
0.038 
0.042 
0.007 
-
0.001 
3.959 
-
-
-
-
-
Albite (lediui grained); 
Chlorite (fine grained) 
Magnetite; 8 : Calcite 
7 
0.47 
-
-
90.55 
-
0.30 
0.58 
0.26 
0.10 
0.02 
0.02 
92.30 
32 
0.193 
-
-
-
31.035 
-
0.183 
0.255 
0.207 
0.052 
0.003 
0.006 
31.934 
-
-
-
-
-
1 
8 
0.32 
0.34 
-
0.67 
0.60 
0.58 
50.99 
-
O.OB 
-
0.04 
53.62 
6 
0.033 
0.042 
-
-
0.058 
0.053 
0.090 
5.661 
-
0.011 
-
0.003 
5.950 
-
-
-
-
-
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TA8LE 7.2 (ConW...) SAMPLE KO. RKL-44 
Si02 
AI2O3 
TiOo 
FeO* 
NnO 
HgO 
CaO 
NajO 
K2O 
HiO 
Cr203 
Total 
Oxygens 
Si 
AlIV 
AlVI 
Ti 
fe2+ 
Mn 
Hg 
Ca 
Na 
K 
Ni 
Cr 
Total 
"Mg 
"Fe 
Ab MA 
An 
Or 
1 
65.61 
20.76 
-
-
-
0.01 
1.04 
11.86 
0.33 
-
0.10 
99.71 
32 
11.607 
4.330 
-
-
-
-
0.003 
0.197 
4.068 
0.074 
-
0.014 
20.283 
-
-
93.75 
4.54 
1.71 
2 
65.74 
21.70 
0.06 
0.03 
-
-
0.56 
11.38 
0.11 
-
0.03 
99.61 
32 
11.577 
4.505 
-
0.008 
0.004 
-
-
0.106 
3.886 
0.025 
-
0.004 
20.115 
-
-
96.74 
2.64 
0.62 
3 
47.38 
31.66 
0.10 
3.08 
0.02 
1.68 
-
0.26 
11.01 
-
-
95.19 
22 
6.384 
1.616 
3.413 
0.010 
0.347 
0.002 
0.337 
-
0.068 
1.893 
-
-
14.071 
-
-
-
-
-
4 
26.91 
23.09 
0.10 
25.72 
0.50 
12.12 
0.07 
-
0.05 
0.10 
0.07 
88.73 
28 
5.580 
2.420 
3.225 
0.016 
4.460 
0.088 
3.746 
0.016 
-
0.013 
0.008 
0.011 
19.583 
0.46 
0.54 
-
-
-
5 
26.77 
21.91 
0.13 
28.17 
0.35 
10.59 
0.11 
0.11 
0.07 
-
-
88.21 
28 
5.662 
2.338 
3.125 
0.021 
4.983 
0.063 
3.338 
0.025 
0.045 
0.019 
-
-
19.618 
0.40 
0.60 
-
-
-
6 
0.89 
0.22 
56.39 
38.05 
2.68 
0.33 
0.72 
0.22 
0.13 
0.01 
-
99.64 
.6 
0.044 
0.013 
-
2.075 
1.557 
0.111 
0.024 
0.038 
0.021 
0.008 
-
-
3.890 
-
-
-
-
-
7 
0.21 
-
51.43 
43.39 
3.26 
0.01 
0.20 
0.01 
0.12 
0.08 
0.15 
98.86 
6 
0.011 
-
-
1.978 
1.855 
0.141 
0.001 
0.011 
0.001 
0.008 
0.002 
0.006 
4.013 
-
-
-
-
-
8 
0.20 
0.08 
-
91.70 
0.02 
-
-
0.04 
0.01 
0.10 
0.08 
92.23 
32 
0.083 
0.039 
-
-
31.695 
0.007 
-
-
0.032 
0.005 
0.016 
0.026 
31.903 
-
-
-
-
-
9 
0.04 
-
0.01 
0.14 
0.55 
0.02 
56.14 
0.15 
0.06 
0.03 
0.01 
57.15 
6 
0.004 
-
-
0.001 
0.012 
0.046 
0.003 
5.910 
0.029 
0.008 
0.001 
0.001 
6.013 
-
-
-
-
-
» Total Fe reported as FeO 
X„g : N9/(H9+Fe) 
Xpg : Fe/lFe+Hg) 
1 : Albite (lediui grained); 2 : Albite (coarse grained); 
3 : Muscovite; 4 : Chlorite (lediut grained); 
5 : Chlorite (coarse grained); 6 = Ilienite; 
7 : Ilienite; 8 : Magnetite; 9 : Calcite 
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grain size and are usually euhedral in shape. It is also present 
in ground mass. 
The albite raol. % in acid volcanics is lower, having slight 
affinity towards oligoclase; ranges from 83% to 97%, whereas, it 
is always high (>95%) in basic volcanics. The Na-rich plagioclase 
appears to be a product of crystallization from magma containing 
unusually large amount of volatiles, notably water (Deer et al, . 
1979). As with the outset of metamorphism the composition of 
plagioclase changes from low An content to higher An content; the 
composition of plagioclase in metamorphic rock is generally 
related to the grade of the host rock. Albite is the stable 
plagioclase in the zones of low grade of regional metamorphism 
(Winkler, 1976). The low An content of plagioclase in 
metavolcanics of Kushtagi schist belt indicate greenschist facies 
of metamorphism. 
7.3.3 Chlorite 
Chlorite occurs in all sections of both acid and basic 
volcanics. It is light green in colour and shows pleochroism. 
Chlorite is abundant in low grade metamorphic rocks, and it is the 
most characteristic mineral of the greenschist facies. It is 
generally formed from ferromagnesian minerals. According to the 
classification of Hey (1954), they are ripidolite in the basic 
volcanics and the composition varies from ripidolite to 
pycnochlorite and brunsvigite in acidic volcanics. They are rich 
in Al but are poor in Mg. The association of Mg-poor chlorite 
with albite, actinolite and epidote indicates that chlorite is a 
product of low grade of metamorphism. 
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7.3.4 Muscovite 
Muscovite is present in small quantity only in acid volcanics 
and occurs in accicular or tabular form. It is colourless to 
light brownish. High Fe content of muscovite (Table 7.2) is 
probably the cause for this body colour. The Ti content in 
muscovite increases with grade of metamorphism (Guidotti, 1984), 
therefore, the low Ti content of muscovites in the present study 
indicates a low grade of metamorphism. 
7.3.5 Epjdote 
Epidote shows high refractive index, slight pleochroism and 
is present in the basic volcanics of the Kushtagi schist belt. It 
is absent in the acid volcanics of the region. Epidote grains are 
equigranular and subhedral (Fig. 7.SB). 
7.3.6 Sphene 
Sphene is present only in basic volcanics in a very large 
amount (5% approx) (Fig. 7.3B). The Ti02 content of sphene is 
around 38% and CaO content is around 29% (Table 7.1). The 
presence of such large amount of sphene along with ilmenite in 
basic volcanics is consistent with the high Ti02 content upto 
3.19% of whole rock composition (Table 10.1). 
7.3.7 Magnetite and Ilmenite 
Magnetite is present only in acid volcanics (Fig. 7.3C). It 
is medium grained showing different shapes. Ilmenite is present 
in both types of volcanics and shows similar chemical composition. 
Magnetite and ilmenite have been distinguished on the basis of 
their chemical composition, as determined by EPMA. The Ti content 
of magnetite is below detection limit, whereas, that of ilmenite 
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Figure 7.3A. Photomicrograph of actinolite in metabasalt showing 
typical cleavages of amphibole (X 100). 
Figure 7.3B. Photomicrograph of basic volcanic showing presence 
of sphene in a very large amount. Presence of equigranular 
and subhedral epidote grains may be noticed (X 35). 
Figure 7.3C. Photomicrograph showing presence of magnetite in 
acid volcanics (X 100). 
112 

ranges from 51.43% to 65.57%. Apart from Ti and Fe, ilmenite also 
contains substantial amount of Mn (Z. 2% ; Table 7.1 and 7.2). 
7.4 Metamorphism 
As no coexisting mineral pair is suitable for 
geothermobarometry, only a broad generalization of the metaraorphic 
grade of the lithologies is possible in the present study. The 
characteristic mineral assemblage of basic volcanics viz. albite ±_ 
actinolite ± Mg-poor chlorite ± epidote and absence of 
Ca-plagioclase, hornblende, biotite and garnet suggests low grade 
regional metamorphism for these rocks (Winkler, 1976). The 
mineral assemblage present in the basic volcanics of Kushtagi 
schist belt is characteristic of lower greenschist facies of 
metamorphism. Further the following chemical characteristics are 
also indicative of lower greenschist facies; 
(1) An content being in the range of Ano to An-ii, is indicative of 
greenschist facies (Winkler, 1976). 
(2) Presence of Mg-poor chlorite, as chlorite becomes rich in Mg 
with grade of metamorphism (Winkler, 1976). 
(3) Low Ti content of muscovite is in harmony with Ti content of 
muscovite of greenschist facies. 
Therefore, based on mineral assemblages, a low grade of 
greenschist facies of metamorphism is inferred for Kushtagi schist 
belt. The oxygen isotopic data discussed in the subsequent chapter 
substantiates this inference. 
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CHAPTER - VIII 
ANALYTICAL TECHNIQUES 
8.1 Sampling and Sample Selection 
Sampling of BIF was mainly dependent on the availability of 
the open cast mines, exploration pits and fresh outcrops. Total 
200 samples of BIF, basic and acid volcanics were collected from 
various localities for geochemical studies. Absolutely fresh BIF 
samples were collected from Hiremagi-Ramthal and Aihole-Sulebhavi 
Iron Ore Mines. Basic volcanics were collected from the hill 
tops near Kyadaguppi and Mulur. Acid volcanics were collected 
from road cuttings and nearby exposures around Kalarhatti and 
Mulur. 
8.2 Sample Preparation and Analytical Techniques 
Sample preparation and geochemical analysis of the samples 
were carried out at the Geochemical Laboratories of the National 
Geophysical Research Institute, Hyderabad. For chemical analysis, 
about 1000 gm of each rock sample was crushed into gravel-size 
bits using a hammer. A coarse fraction of about 250 gm was 
obtained by coning and quartering. These fractions were then 
crushed to -200 mesh size using a Herzog Swing-Grinding Mill with 
grinding tools made up of tungsten carbide. For BIF, stainless 
steel grinding tools were used. Special care was taken in 
cleaning the jaw crusher and the tungsten carbide/stainless steel 
mortar by using high purity silica sand followed by crushing a 
dummy sample to avoid contamination. For determination of oxygen 
isotopes in BIF, the iron oxide and chert band were slowly chipped 
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off, and from each iron oxide and chert rich fraction, iron oxide 
and chert were hand picked and their degree of purity was 
confirmed by examining each grain under Leitz binocular 
microscope. Iron oxide and chert were powdered in agate mortar. 
Due to the fine grained nature of hematite absolutely pure chert 
could not be obtained. The FeoOo impurities in chert layers were 
also estimated by XRF. 
The major and a few selected trace elements were estimated by 
X-ray Fluorescence Spectrometer (XRF). The trace element analysis 
was carried out on Atomic Absorption Spectrometer (AAS) and 
Inductively Coupled Plasma Mass Spectrometer (ICP-MS) while rare 
earth concentrations were determined by ICP-MS. Mineral 
compositions of coexisting phases were determined by Electron 
Probe Micro analyser (EPMA). Mineralogical study of SBIF was done 
on XRD. Oxygen isotopic study was carried out on a VG Mass 
Spectrometer. FeO was determined by titration method. 
8.3 Inductively Coupled Plasma-Mass Spectrometer (ICP-MS) 
8.3.1 Sample Preparation 
0.1 gm of the sample powder was weighed accurately and placed 
in Teflon beakers with light lids. To each sample, 3 ml 
concentrated nitric acid (HNO3) and 7 ml Hydrofluoric acid (HF) 
were added. The teflon beakers were placed in an oven for four 
hours at 40°C. Then the lids were removed and the beakers were 
placed on hot plate at a temperature of 110°C till the solution 
evaporated to dryness. The residue was dissolved in 10 ml of 
nitric acid and double distilled water (1:1). Then, 0.1% rock 
solutions were prepared with an overall concentration of 100 gm/ml 
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of indium, which serves as an internal standard. This solution 
was used for estimation of all 18 trace elements (including Th and 
U) and REE concentration. 
8.3.2 Instrumentation 
The instrument consists mainly of a standard inductively 
coupled plasma torch (Fassel-type), a quadrupole mass filter and 
an interface unit consisting of two water cooled nickel cones. 
After minimising the signal on In in the single ion mode, 
the system is operated on a mass scanning mode in the mass range 
m/z 45-228 covering 18 trace elements (including Th and U), all 
the 14 REE and the internal standard (indium). Detection limit is 
calculated using the count rate obtained on the 0.1% solution of 
the standards. 
Operating conditions are as follows ; 
1. Plasma : 
Power = 1.35 KW 
Nebulizer gas = 0.75 lit/min 
Aux. flow rate = 0.75 lit/min 
Coolant flow rate = 13 lit/min 
Sample intake rate = 1 ml/min 
2. MS Conditions : 
Vacuum stage 1 - <2.5 m bar 
Vacuum stage 2 - <10~ m bar 
Vacuum stage 3 - <2.10~^ m bar 
3. Scan Conditions : 
Mass range = 113-179 amu 
Number of scans = 120 
116 
Dwell time/channel = 500 us 
Number of channels used = 2048 
8.3.3 Operating Conditions 
Sample solutions were introduced into the TCP with the help 
of a nebulizer at the rate of 1 ml/min, where the sample is heated 
to 8000 K and the dissolved solids are vapourised, atomised as 
well as ionised with a fraction of the ions getting pumped through 
the interface. While passing through the interface the gases 
expand adiabatically and are then introduced into the quadrupole 
mass filters, where an ion beam passes through the skimmer cones 
as well as a number of plates at appropriate potentials. 
Electrostatic fields created by these plates focus the ion beam 
into a form suitable for transmission through the mass filters. 
There is a linear relationship between the ion beam and the 
concentration of elements and the resultant signals are converted 
into concentrations by using an online IBM PC/XT microcomputer. 
Elemental concentration for the standard reference rocks such 
as FER-1, FER-2, FER-3, FER-4, IF-G, GSR-5, SCo-1, JR-1, JR-2, 
JG-2, BR and JB-la are in good agreement with reported values. 
Precision is better than 5% RSD (Relative Standard Deviation). 
For detailed procedure and accuracy, see Balaram et al. (1988, 
1990). 
8.4 X-Ray Fluorescence 
8.4.1 Sample Preparation 
Two types of sample pellets in the form of (A) fused beads 
and (B) pressed discs were prepared. The procedure adopted are as 
follows : 
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(A) Fused Pellet (beads) 
0.5 gm of -200 mesh sample powder was thoroughly mixed with 
2.5 gm of flux (lithium tetraborate + lithium metaborate + 
lanthanum oxide in the ratio of 6:3:1) in a platinum gold crucible 
(Pt : Au :: 95:5) and heated for about 20 minutes in a Herzog 
automatic fusion machine (HAG 12/1500) at 1200°C. The crucible 
containing the sample and flux was tilted bothways with the help 
of a built in rocking device for 10 minutes, while heating was on, 
in the fusion chamber (a) to remove air bubbles and (b) also to 
obtain a homogenous melt. The crucible containing the melt was 
cooled gradually by exposing it to a flow of filtered air and 
vacuum suction simultaneously. The resultant pellet was of 31 mm 
diameter. Pellets prepared by this fusion technique were used to 
estimate the major elements in the samples except for Na20 because 
lanthanum oxide present in the flux interferes with NagO. 
Therefore pressed pellets were used to estimate the sodium 
content, flux to sample ratio was changed from 1:2 in acidic 
samples to 1:5 in basic samples. 
(B) Pressed Pellet 
Collapsible aluminium cups were filled with 9 gm of boric 
acid which acts as binding material. 1 gm of -200 mesh sample 
powder was sprayed on it, uniformly covering the boric acid and 
about 15 tonnes of pressure was applied using a Herzog hydraulic 
press (H/lOO) to obtain a 40 mm diameter pellet. Such pellets 
were used to estimate NagO as well as the trace elements Zr, Y, 
Sr, Rb, Ba and V. 
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8.4.2 Instrumentation 
Philips PW 1400 microprocessor controlled wavelength 
dispersive, sequential X-ray fluorescence spectrometer (Philips, 
Holland) with 100 KvA X-ray generator was used for analysis. It 
also incorporates a 72 position automatic sample changer for 
loading and unloading of sample pellets and has a four position 
internal sample turret, in which four samples can be loaded at a 
time. A Philips model P851 on line, dedicated computer was used 
to prepare calibration curves relating the concentration and 
intensity levels in standards as well as the unknown samples after 
due matrix corrections. 
Software available in the computer is able to take care of 
dead time, background and line overlap corrections giving the 
output directly as concentration in oxide weight percentages or in 
ppm as required, after converting the counts into concentration 
with the help of the calibration curves. There is also a 
provision for calculating correction factors such as the intensity 
based corrections on the Lucas-Tooth-Pyne model and concentration 
based corrections on the DeJong and Resberry-Heinrich models. 
Reference iron ore standards prepared by the Geological Survey of 
Canada samples analysed by different methods at the Kudremukh Iron 
Company, Karnataka were used to prepare calibration curves for 
major element data of BIF. JR-1, JG-2, JG-la, GSR-4, Cr-la, 
CT-IA, JB-la, JB-2, JA-1, JGb-1, GSR-3, GSR-5 and JB-3 standards 
were used to calibrate the major elements data for acid volcanics 
granites, basic volcanics and shales. For trace element analysis 
a series of synthetic standards were prepared besides using 
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reference standards from Canada to build the calibration curves 
(Govil and Gnaneshwar Rao, 1991). The major element data 
estimated by XRF are reproducible with a precision range of ± 1% 
and for the trace elements it is ± 5% (Govil, 1985). 
8.4.3 Operating Conditions 
A spinner was used to spin the samples inside the 
spectrometer while measuring, to obtain uniform counts. Certain 
elements were analysed by using a Rhodium target X-ray tube while 
Na, Al and Mg were estimated by a Chromium X-ray target tube since 
the concentration levels of these elements were very low. P^Q 
(90% Ar + 10% CH^) gas was pumped in the flow proportional counter 
for ionisation and a polypropylene counter window of 1 \xm was 
used. All the elements were estimated under vacuum media (20 
pascal units ) . 
8.5 Electron Probe Micro Analysis 
8.5.1 Slide Preparation 
Doubly polished sample thin sections of 0.03 mm thickness 
were prepared on 46 mm long glass slides without the cover slip by 
grinding and polishing moderately thin slabs of the rock samples 
using chromium and aluminium oxide powders on a glass plate as 
well as a metal disc covered with chamois leather. Carbon coating 
of 150°A units thickness was given to the sample by the carbon 
evaporation technique in a Hindivac Shadow Casting Unit at 10"^ 
Torr vacuum for obtaining uniform electrical conductivity. 
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8.5.2 Instrumentation 
To determine the composition of minerals and estimation of 
P-T-t conditions, "CAMEBAX-MICRO" (Cameca, France) electron probe 
was used. The electron microprobe consists of three fully 
focussing spectrometers (two vertical and one inclined). It has a 
central gun column housing the inverted 'V shaped tungsten 
filament (source of the electron beam) and the Wehnelt, the anode 
and the electromagnetic lenses which control the size and the 
shape of the electron bean on its way to the sample surface. 
There is a co-axial binocular microscope to bring the sample into 
the field of view. A sample chamber with a movable stage which 
can take samples either as thin sections or as mounted discs is an 
integral part of this instrument. 
8.5.3 Operating Conditions 
The operating conditions were 15 KV accelerating voltage 4.2 
nA sample current, 20 seconds counting time with a beam diameter 
of 1-3 \xm. The corrections, using the method of Henoc and Maurice 
(1978) were applied with the help of the PDP 11/03 computer. 
Analytical concentrations in the form of oxide wt.% were derived 
by applying intensity data of samples to a calibration curve 
established from intensity data of the standards. Precision was 
of the order of ± 0.5 - 2.OX of the amount for major constituents. 
Following elemental and synthetic standards were used for 
corresponding elemental analysis at suitable wavelengths : 
Elements Standards Wavelength Crystal 
NagO Albite 46363 TAP 
K2O Orthoclase 42765 PET 
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CaO Wollastonite 38387 PET 
Si02 Wollastonite 27737 TAP 
MgO MgO* 38499 TAP 
AI2O3 AI2O3* 32463 TAP 
CroOo CroOo* 56866 LIF 2^3 ^^2^3 
>3 MnO MnTiOo* 52200 LIF 
TiOg MnTi03* 31416 PET 
FeO^^^ '^^ 2^ 3 48083 LIF 
BaO Barite 31730 PET 
* = Synthetic standards 
8.6 X-Ray Diffraction Analysis (XRD) 
XRD study of SBIF was carried out at Indian Institute of 
Chemical Technology, Hyderabad. Minerals were analysed on a 
Phillips X-ray diffractometer (PW 1730/PW-1390) with a 
proportional counter using Ni-filtered Cu-Ka radiation ( = 
1.5416°A) with 40 KV and 20 mA. The chart speed was 1-2 cra/min 
and the goniometer speed was l°/minute. 
8.7 Stable Isotope Mass Spectrometry 
The fluorinating line for extraction of oxygen from silicates 
and oxides is similar to that designed by Clayton and Mayeda 
(1963) with a minor modifications (Das Sharma et al., 1993). A 
typical sample run is made as follows : Previously deccicated 
sample is weighed (3-8 mg) and loaded quickly in the nickel 
reaction vessel in an atmosphere of argon. The argon present in 
the vessel prevents any contamination of atmospheric oxygen or 
moisture during sample loading. The line is evacuated slowly with 
rotary and diffusion pump combination. The loaded sample is 
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heated to about 150-200°C for two hours during pumping. This 
ensures expulsion of absorbed moisture by the sample and a vacuum 
of the order of 10 torr is obtained. An aliquot of twice 
distilled BrFg is expanded in the known volume (usually in the 
ratio 5:1) and is transferred to the nickel reaction vessel using 
liquid nitrogen. The valve of the reaction vessel is closed. The 
sample is then heated to about 550°C (chert) and 625°C (hematite) 
for 12-20 hours to liberate oxygen. The liberated oxygen is 
converted to COo» measured manometrically for its yield and 
collected in the sample collection bottle. After every 4 or 5 
sample runs, usually the reaction vessel is dismantled from the 
line and cleaned. Two blank runs {without sample) are performed 
in which the first blank yield is more because of exposure of the 
reaction vessel to the atmosphere and the second blank is usually 
less than 0.5pmole. Following the second blank run, the reaction 
vessel is ready for next batch of sample run. 
The COo obtained is analysed by VG Mass Spectrometer having 
triple collector and updated to computer control using SIRA 
software. The sample and reference gases are alternately led into 
the ion source by a changeover valve. While one gas is being 
analysed the other gas is pumped away through the bleed pump. The 
gas to be analysed is ionized by bombarding with electrons emitted 
from a filament. The positively charged ions are then accelerated 
by applying an accelerating voltage of a few Kv and the beam is 
directed towards a magnetic field which acts in a direction 
perpendicular to the ion beam. Ions of different masses are 
separated based on the m/e ration, and collected by the Farady cup 
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collectors for final ration calculations by using the online 
computer. This is the molecular ratio of masses 44, 46 which are 
to be corrected to get the real isotopic ratio i.e. 0 / 0 . 
Different correction as recommended by Mook (1968) and changeover 
valve leakage correction as suggested by the manufacturers were 
applied. 
The 6 0 is reported in %. with respect to the Standard 
Reference Material (SHOW). The 6 values are calculated on the 
basis of the following equation. 
,„ ^(sample) " ^standard) ^ ^^ 
6l«0 = 
'^standard) 
where, R(sample) ~ ^°0/^"0 ratio in the sample 
K(standard) = ^ V ^ ^ O ratio in the standard 
During the course of the analysis of the present samples, two 
NBS 28 quartz standard gave 6^^0 = 9.7 and 9.9%. as against 
reported value of 9.64%. relative to SHOW. 
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CHAPTER - IX 
GEOCHEMISTRY OF BIF 
9.1 General Statement 
The major, trace and rare earth elements (REEs) 
characteristics of the BIFs from Kushtagi schist belt are 
discussed in this chapter. The chemical data (Tables 9.1 and 
9.2), are plotted on different geochemical variation diagrams and 
the North American Shale Composite {NASC) normalized REEs are 
plotted on Masuda-Coryl diagram to understand the genesis of the 
banded iron formation from the studied area. BIFs are essentially 
chemical sediments and mainly consists of Fe202(T) and Si02 but 
they are drastically affected by clastic input. 
9 . 2 Behaviour of Ma.ior Elements 
Major element composition of BIF show significant variation 
in iron and silica content depending upon the thickness of 
rhythmic bands and also on the type of the minerals present in 
these bands. The data show considerable amount of enrichment in 
^^2^3' -^^ 2^ ^^^ •^'-2*^3 ^^^ depletion in all other major oxides 
(Table 9.1 and 9.2). On the basis of AI2O3 content the samples 
are grouped as Cherty Banded Iron Formation (CBIF) and Shaly 
Banded Iron Formation (SBIF). CBIF contain more than 15% FegOg 
and rest is Si02, SBIF contains Fe203 more than 15% and AI2O3 more 
than 3%. Gnaneshwar Rao and Naqvi (1993) and Manikyamba et al. 
(1993) have given AI2O3 content of 5% as dividing line between 
CBIF and SBIF. Generally, all BIFs show decrease in their iron 
content with the increase in silica content (Fig. 9.1) and the 
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TABLK 9.1 CBEKICAL COMPOSITIOH OF THE CHERTY BAKDED laOH FOilMATIOli 
B l e i e n t RHR-l RHR-2 aHR-3 RHR-4 RHR-S RHR-6 RHR-7 RHR-S RHR-S RHR-10 
Si02 (Wt.X) 18.69 29.61 30.84 55.01 51 .32 40.24 50.01 71.80 46.82 41.52 
TiOj 0.04 0.06 0,04 - - 0 .03 - 0.03 - 0.04 
AI2O3 0.46 0.54 0 .62 0.37 0.39 0 .40 0.48 0.31 - 0 .20 
Fe203 80.88 70.02 68.78 44.91 48.26 58 .32 48.41 26.71 51.08 58.08 
FeO - 0.04 0.04 0 .12 0.16 - - - 0.04 0.04 
KnO 
ligO 0 .04 0 .01 - 0 . 0 2 0 . 0 1 - 0 .05 0 . 0 3 0 .05 -
CaO - 0 .03 0 . 0 2 0 .01 0 . 0 2 - 0 . 0 3 - 0 . 0 1 -
Na20 0 .01 - - - 0 . 0 3 0 . 0 2 0 . 0 1 0 .04 0 . 0 2 0 . 0 2 
S2O - 0 .01 0 . 0 3 0 . 0 2 0 . 0 1 0 . 0 3 - 0 . 0 1 0 . 0 2 0 . 0 1 
P2O5 - - 0 . 0 2 0 . 0 2 - 0 . 0 1 0 . 0 3 0 . 0 3 0 . 0 2 0 . 0 3 
LOI 1.00 1,00 - - - 0 . 5 0 - 1 .00 1 .00 0 .50 
T o U l 101.12 101.32 100.19 100.48 100.20 99.55 99.02 99.96 99.06 100.44 
Sc (ppi ) 1.11 0.90 0.87 0.68 0.93 0.64 1.55 0.85 0.79 0.77 
V 9 . 5 3 10 .34 6 . 6 8 7 . 6 2 8 . 3 0 6 . 5 0 7 .14 9 .55 7 .79 8 .21 
Cr 1 3 7 . 9 8 149 .86 1 8 7 . 9 1 1 7 2 . 5 8 1 6 9 . 8 3 1 3 8 . 7 6 1 3 5 . 8 5 164 .26 2 1 1 . 0 4 145 .26 
Co 1.45 1.68 1 ,47 1 .59 1 .51 1 .44 1 .35 2 . 0 8 1 ,31 1.26 
Ni 8 ,21 8 .96 7 .07 7 .19 6 .34 8 . 8 3 6 .55 7 .48 7 . 2 3 4 . 5 9 
Cu 9 8 . 6 1 116 .54 2 . 0 5 162 .55 1 2 4 . 8 8 2 . 4 6 4 . 1 2 1 6 6 . 0 9 8 2 . 5 7 147 .53 
Zn 7 .06 7 .59 - 6 . 2 0 1 .98 - - 1 .73 1.54 3 . 7 0 
Ga 1.87 1.27 1.37 1.26 1,36 1 ,35 1.24 0 . 8 7 0 . 7 7 0 . 7 2 
Rb 0 . 8 3 0 . 6 9 0 . 3 7 0 , 5 9 0 ,41 0 . 1 9 0 . 1 8 0 .28 0 .16 0 . 1 8 
Sr 16 .24 8 .41 5 . 7 6 2 0 . 8 2 2 8 . 6 6 1 4 . 1 0 2 1 . 7 7 3 8 . 3 9 5 .09 6 . 3 3 
Y 8.47 4.09 4.74 3,71 21,32 6.58 5.59 4.94 2.09 1.85 
IT 10.24 4.77 8,56 3.93 6.16 6.57 4.75 4.93 2.32 1.73 
Kb 0.76 0.25 0.44 0.17 0.39 0.36 0.22 0.31 0.08 0.10 
fia 10.69 23.44 1.05 9.93 38.01 8 .86 15.62 43.41 5.72 2.94 
Hf 0.25 0.14 0.19 0.11 0.25 0.21 0.18 0.18 0.09 0.06 
Ta 0.06 0.01 0.01 - 0 .02 0 .02 0 .02 0.02 - 0.01 
Th 1.45 0.89 0.75 0.67 0.51 0.45 0.31 0.41 0.18 0.22 
U 1.05 1.02 0.50 0.71 0 .62 0.19 0.16 0.74 0.57 0.49 
La 6.84 3.51 2.32 3 .88 6.82 9.44 1.68 5.83 3.14 1.62 
Ce 11.52 4.82 4 .32 6.50 11.61 11.06 3.49 10.04 4.14 2.34 
Pr 1,08 0.43 0.43 0.59 1.26 0.95 0.35 0.98 0.45 0.23 
Nd 3.98 1,91 1.62 2.40 4,73 3 ,19 1.80 3.81 1.50 0.92 
S I 0.69 0.35 0.29 0.60 1.19 0,39 0.64 1.03 0.34 0.31 
Bu 0.63 0.31 0.31 0.36 0.61 0.43 0 .50 0.70 0.20 0.17 
Gd 0.94 0.65 0.44 0.63 1.16 0.63 0.58 1.01 0 ,32 0.36 
Tb 0.14 0.09 0.08 0 .10 0 .22 0 .11 0.09 0.14 0.05 0.06 
Dj 0.99 0.60 0.60 0 .63 1.68 0 .80 0 .63 0.84 0.34 0.38 
Ho 0.18 0.09 0.11 0.11 0.34 0.15 0.11 0.13 0.06 0.07 
Er 0.47 0.27 0.41 0.34 1.28 0 .53 0 .36 0.38 0.19 0 .21 
Ti 0.08 0.03 0.07 0.05 0 .22 0 .08 0.05 0.05 0.03 0.03 
Tb 0.51 0.19 0.46 0 .28 1.51 0.54 0 .32 0.27 0.16 0.18 
Lu 0.98 0.04 0.07 0.03 0 .22 0.05 0.05 0.05 0.03 0.03 
Si02/Fe203 0.23 0 .42 0,46 1.23 1.06 0.69 1.03 2.87 0 .92 0 .72 
Zr/Hf 40.96 34,07 45.05 35.73 24.64 31 .29 26.39 27.39 25.78 28.83 
Ndi^j /Ybij ) 0.73 0.95 0.33 0.81 0 .29 0 .56 0 .53 1.33 0.89 0.48 
L|„)/HREEm) 0.57 0.49 0,30 0 .58 0 .31 0.65 0.37 0.71 0.69 0.38 
Eu/Eu* 2 .33 1.94 2 .58 1.71 1.53 2 . 5 3 2 .38 2 .06 1.82 1.55 
£REE 28.13 13.34 11.53 16.50 32.85 28 .35 10.65 25.26 10.95 6.91 
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Eleient 
RHR-20 
Si02 (Kt.Xl 
Ti02 
AI2O3 
Fe^Oj 
FeO 
MnO 
((«0 
CaO 
N&2O 
KjO 
P2O5 
LOI 
T o t a l 
Sc ( p p i ) 
V 
Cr 
Co 
Ni 
Cu 
Zn 
Ga 
Rb 
Sr 
Y 
Zr 
Nb 
Ba 
ef 
la 
Th 
U 
La 
Ce 
Pr 
Nd 
SI 
Eu 
Gd 
Tb 
Dy . 
Bo 
Er 
Ti 
Tb 
Lu 
Si02/Fe203 
Zr/Hf 
Nd(„|/Yb/^1 
Bu/fcu' 
£REE 
RHR-11 
53.85 
0.03 
0.19 
45.99 
-
-
0.05 
0.01 
-
-
0.02 
-
100.14 
0.86 
6.79 
RHR-12 RHR-13 RBR-14 RBR-15 RHR-16 RHR-I7 RBR-18 1 
85.30 
0.01 
-
14.28 
-
-
0,01 
0.02 
0.02 
0.03 
-
-
99.67 
0.33 
3.09 
27.20 
0.09 
0.80 
71.65 
-
-
0.04 
0.02 
0.02 
0.03 
0.02 
-
70.56 
0.01 
0.08 
28.96 
0.08 
-
0.03 
0.03 
0.02 
0.01 
0.02 
0.50 
99.87 i e0 .30 
1.79 
12.17 
0.36 
3.72 
83.60 
0.01 
-
14.98 
0.04 
-
0.05 
0.01 
0.01 
0.02 
0.01 
1.00 
49.82 
0.03 
-
50.06 
-
-
0.02 
-
0.03 
0.02 
0.01 
0.50 
99.73 100.49 
0.26 
3.71 
0.99 
4.83 
83.82 
0.01 
-
15.01 
0.08 
-
0.04 
0.02 
0.04 
0.01 
0.01 
0.50 
99.54 
0.35 
1.34 
83.02 
0.01 
0.10 
15.68 
-
-
0.03 
0.02 
0.04 
0.01 
0.02 
0.50 
99.43 
0,33 
2.06 
82.33 
0.01 
0.02 
16.11 
0.04 
-
0.04 
0.01 
0.03 
0,02 
0,02 
1,00 
99.63 
0,40 
3,47 
lHR-19 
52.38 
0,04 
0.10 
46.26 
0,24 
-
-
0,04 
0.02 
0.01 
0.03 
0.50 
99.62 
0.91 
3.77 
H 3 . 7 6 214.76 109.09 208.69 277.13 159.27 234.41 220.57 239.87 171.77 
1.87 
8.29 
104.56 
10.37 
1.09 
0.18 
7.72 
3.87 
4.81 
0.28 
5.56 
0.16 
0.01 
0.54 
0.40 
5.86 
8.79 
0.83 
3.10 
0.69 
0.48 
0.73 
0.11 
0.70 
0.12 
0.35 
0.05 
0.28 
0.05 
1.17 
30.06 
1.04 
0.70 
2.00 
22.14 
2.10 
5.72 
5.21 
-
0.45 
0.06 
5.97 
3.25 
2.82 
0.12 
-
0.11 
-
0.09 
0.18 
0.37 
0.64 
0.06 
0.35 
O.l l 
0.07 
0.11 
0.02 
0.21 
0.05 
0.22 
0.04 
0.34 
0.05 
5.97 
25.64 
0.10 
0.12 
1.75 
2.64 
1.84 
7.74 
95.99 
10.74 
1.72 
0.39 
20.35 
6.71 
16.01 
0.82 
10.84 
0.48 
0.09 
1.16 
1.18 
10.45 
15.17 
l.OS 
3.55 
0.65 
0.40 
1.02 
0.17 
1.16 
0.21 
0.69 
O.lfl 
0.65 
0.09 
0.38 
33.35 
0.51 
0.55 
1.43 
35.36 
1.50 
5.33 
1.77 
-
0.95 
0.30 
20.98 
10.78 
3.38 
0.22 
29.34 
0.12 
0.02 
0.18 
0.24 
7.77 
12.94 
1.19 
4.48 
0.73 
0.39 
0.92 
0.14 
0.95 
0.21 
0.70 
0.10 
0.61 
0.10 
2.44 
28.17 
0.69 
0.56 
1.39 
31.23 
1.70 
7.53 
8.43 
-
0.33 
0.86 
0.86 
0.20 
0.96 
0.12 
43.63 
0.04 
-
0.20 
0.17 
0.20 
0.57 
0.07 
0.31 
0.80 
0.03 
0.12 
0.02 
0.12 
0.02 
0.06 
O.Ol 
0.05 
0,01 
5.58 
24.00 
0.56 
0.31 
0.27 
2.56 
1.53 
5.85 
17.45 
-
1.13 
0.71 
8.51 
5.31 
9.87 
9.04 
2.76 
0.28 
0.28 
0.85 
0.49 
4.34 
7.12 
0.73 
2.89 
0.67 
0.47 
0.73 
0.12 
0.79 
0.14 
0.45 
0.06 
0.40 
0.06 
1.00 
35.25 
0.68 
0.50 
1.96 
18.97 
1.39 
6.40 
4.65 
-
0.54 
0.10 
1.33 
1.98 
1.57 
0.04 
-
0.04 
-
0.04 
0.01 
0.81 
1.23 
0.13 
0.58 
0.11 
0.09 
0.11 
0.02 
0.12 
0.02 
0.07 
0.01 
0.07 
0.02 
5.58 
39.25 
0.78 
0.50 
2.25 
3.39 
1.36 
6.76 
4.75 
-
0,35 
0.07 
1.57 
1.01 
1.04 
0.04 
1.95 
0.03 
-
0.05 
0.07 
2.06 
2.93 
0.41 
1.61 
0.23 
0.19 
0.24 
0.03 
0.21 
0.03 
0.11 
0.01 
0.08 
0.01 
5.30 
34.67 
1.89 
0.93 
2.38 
8.15 
1.87 
6,71 
3.65 
-
0.47 
0.63 
7.01 
1.59 
2.39 
0.09 
4.00 
0.07 
-
0.11 
0.20 
1.51 
1.40 
0.14 
0.56 
0,09 
0,08 
0.15 
0.03 
0.21 
0.04 
0.16 
0.03 
0.18 
0.03 
5.11 
34.14 
0.29 
0.33 
2.00 
4.61 
1.34 
5.65 
3.21 
-
1.03 
0.15 
5.50 
3.54 
2.91 
0.24 
2.00 
0.11 
0.03 
0.17 
0.20 
3.22 
4.42 
0.42 
1.79 
0.39 
0.33 
0.56 
0.09 
0.60 
0.10 
0.32 
0.05 
0.27 
0.02 
1.13 
26.46 
0.62 
0.46 
2.06 
12.58 
Eleient 
8HR-30 
Si02 (Wt.X) 
Ti02 
AI2O3 
Fe203 
FeO 
MnO 
KgO 
CaO 
Na20 
K2O 
¥i 
LOI 
Tot&l 
Sc (ppa) 
V 
Ct 
Co 
Hi 
Cu 
Zn 
6& 
Rb 
Sr 
Y 
Zr 
Nb 
Ba 
Hf 
Ta 
Th 
U 
La 
Ce 
Pr 
Nd 
SI 
Eu 
Gd 
Tb 
Dy 
Ho 
Er 
Ti 
Yb 
Lu 
SiO^/FejOj 
Zr/Hf 
lld((i/Yb(jl 
ZKEE 
RHR-21 
75.« 
-
0.48 
25.70 
0.04 
-
0.03 
-
0.02 
0.01 
-
-
101.72 
0.71 
7.85 
225.96 
1,70 
12.20 
5.11 
7.56 
1.05 
0.31 
21.08 
4.72 
2.53 
0.27 
25.68 
0.06 
0.01 
0.13 
0.49 
2.36 
5.79 
0.41 
1.96 
0.37 
0.25 
0.53 
0.08 
0.51 
0.08 
0.25 
0.03 
0.19 
S.04 
2.94 
42.17 
0.97 
0.51 
1.67 
12.85 
RHR-22 RBR-23 RHR-24 RBR-25 RHR-26 RHR-27 RHR-28 
77.34 
0.02 
0.52 
21.32 
-
-
0.02 
-
0.01 
0.02 
0.03 
-
99.28 
1.18 
5.03 
181.55 
1.74 
8.26 
3.54 
7.06 
0.60 
0.34 
5.09 
3.26 
2.33 
0.17 
13.76 
0.07 
0.01 
0.11 
0.36 
1.06 
2.09 
0.22 
1.44 
0.35 
0.25 
0.52 
0.08 
0.43 
0.08 
0.25 
0.03 
0.19 
0.04 
3.63 
33.29 
0.72 
0.30 
1.79 
7.03 
50.54 
0.03 
0.28 
48.82 
0.16 
-
0.02 
0.03 
-
0.03 
0.04 
0.50 
67.90 
-
0.32 
32.78 
-
-
-
0.01 
-
0.01 
0.02 
1.00 
100.45 102.04 
1.30 
7.74 
0.59 
5.90 
160.77 260.38 
1.75 
8.45 
5.20 
2.34 
1.85 
0.22 
16.73 
6.18 
8.48 
0.54 
22.35 
0.12 
0.02 
0.20 
0.19 
2.71 
5.83 
0.63 
2.96 
0.65 
0.43 
0.86 
0.13 
0.87 
0.15 
0.47 
0.07 
0.39 
0.08 
1.04 
70.67 
0.71 
0.38 
1.72 
10.16 
1.69 
10.22 
6.91 
3.04 
0.78 
0.29 
2.22 
1.89 
2.51 
0.24 
5.42 
0.04 
-
0.08 
0.07 
2.47 
4.21 
0.37 
1.55 
0.25 
0.22 
0.25 
0.04 
0.30 
0.06 
0.19 
0.03 
0.19 
0.03 
2.07 
62.75 
0.77 
0.62 
2.44 
10.16 
37.89 
0.03 
0.45 
61.66 
0.04 
-
-
0.01 
0.02 
-
0.01 
1.00 
101.11 
0.82 
11.60 
82.97 
-
0.65 
15.59 
0.04 
-
0.06 
-
-
-
0.01 
0.50 
54.36 
0.04 
0.56 
46.04 
0.08 
-
0.04 
0.03 
0.02 
-
-
1.00 
37.08 
0.03 
0.03 
61.83 
-
-
0.02 
-
0.03 
0.02 
0.05 
1.00 
51.33 
0.03 
0.52 
48.08 
-
-
0.05 
-
-
0.02 
0.02 
0.50 
99.82 102.17 100.09 100.55 
0.70 
4.21 
168.07 249.88 
2.05 
12.44 
5.85 
6.79 
1.44 
0.19 
4.39 
6.76 
6.29 
0.52 
16.70 
0.18 
0.03 
0.26 
0.56 
2.14 
3.90 
0.82 
4.76 
0.91 
0.43 
0.95 
0.15 
0.94 
0.16 
0.50 
0.07 
0.41 
0.09 
0.61 
34.94 
1.09 
0.39 
1.39 
16.23 
1.62 
12.29 
14.32 
7.72 
0.89 
0.14 
3.23 
1.24 
2.23 
0.23 
5.94 
0.04 
-
0.09 
0,45 
1.67 
0.83 
0.15 
0.73 
0.18 
0.04 
0.14 
0.02 
0.17 
0.03 
0.11 
0.02 
0.11 
0.02 
5.32 
55.75 
0.61 
0.53 
0.80 
4.22 
0.87 
8.06 
27.83 
83.90 
4.82 
5.72 
7.17 
0.75 
0.19 
3.27 
2.38 
3.90 
0.30 
5.60 
0.08 
0.46 
0.11 
0.46 
3.73 
4.50 
0.49 
1.87 
0.42 
0.27 
0.39 
0.06 
0.36 
0.06 
0.18 
0.02 
0.14 
0.04 
1.18 
48.75 
1.27 
0.76 
1.93 
12.53 
0.83 
10.04 
0.99 
10.92 
RHR-29 
83.68 
0.01 
0.09 
15.01 
-
-
0.03 
0.02 
-
0.01 
0.03 
0.50 
99.38 
0.47 
4.01 
175.08 200.62 228.46 
2.08 
14.30 
2.43 
8.19 
4.12 118.17 
5.02 
1.00 
0.27 
4.40 
3.13 
2.95 
0.18 
26.04 
0.08 
-
0.16 
1.17 
3.77 
6.56 
0.74 
2.92 
0.74 
0.44 
0.59 
0.09 
0.52 
0.08 
0.23 
0.03 
0.16 
0.03 
0.60 
36.88 
1.71 
0.83 
2.00 
16.90 
18.21 
1.32 
0.56 
12.54 
5.74 
7.85 
0.51 
14.83 
0.21 
0.04 
0.47 
0.70 
5.19 
8.58 
0.85 
3.22 
0.65 
0.30 
0.70 
0.11 
0.75 
0.13 
0.42 
0.06 
0.38 
0.05 
1.07 
37.38 
0.80 
0.60 
1.30 
21.39 
1.39 
9.18 
7.44 
5.14 
0.56 
0.10 
4.69 
1.81 
1.79 
0.19 
14.18 
0.05 
-
0.09 
0.29 
0.67 
1.59 
0.18 
0.83 
0.27 
0.12 
0.25 
0.04 
0.27 
0.05 
0.15 
0.02 
0.13 
0.03 
5.58 
35.80 
0.60 
0.36 
1.33 
4.60 
Eleient 
RaR-40 
Si02 (Wt.X) 
TiOj 
AI2O3 
^ezOj 
FeO 
MnO 
KgO 
C&O 
Na20 
I2O 
¥i 
LOI 
Total 
Sc (ppi) 
V 
Cr 
Co 
Ni 
Cu 
Zn 
Ga 
Rb 
Sr 
Y 
Zr 
Nb 
Ba 
Bf 
Ta 
Th 
0 
La 
Ce 
Pr 
Nd 
SI 
Eu 
Gd 
Tb 
Dy 
Bo 
Er 
Ti 
Yb 
Lu 
SiOj/FejOj 
Zr/Bf 
Hd(j|/Yb(() 
XRKE 
RBR-31 
40.88 
0.06 
0.73 
57.17 
-
-
0.01 
-
-
-
-
1.00 
RHE-32 RHR-33 RHR-34 RBR-35 RBR-36 ReR-37 RHR-38 1 
82.67 
-
0.58 
16.37 
0.04 
-
0.05 
-
-
-
0.01 
0.50 
30.55 
0.04 
0.62 
69.23 
-
-
0.06 
-
0,04 
-
0.03 
1.00 
53.58 
-
0.33 
46.20 
0.04 
-
-
-
0.07 
-
-
1.00 
75.02 
0.01 
-
24.39 
0.12 
-
-
0.01 
0,06 
0.02 
0.01 
0.50 
49.62 
-
0.27 
49.73 
0.20 
-
0.05 
-
0.06 
-
0.03 
1.00 
84.60 
-
0.31 
15.03 
0.12 
-
-
-
0.03 
-
-
-
99.85 100.22 101.56 101.22 100.14 100.96 100.00 
1.54 
16.81 
0.85 
9.55 
138.85 227.24 
2.75 
11.65 
9.28 
20.71 
2.18 
0.26 
14.58 
17.88 
10.60 
0.70 
34.46 
0.28 
0.04 
0.41 
0.48 
2.55 
5.21 
0.56 
2.49 
0.68 
0.47 
0.91 
0.16 
1.22 
0.24 
0.88 
0.14 
0.99 
0.18 
0.72 
37.86 
0.24 
0.20 
1.74 
16.68 
1.51 
9.12 
144.32 
14.86 
0.93 
0.06 
4.68 
2.00 
3.63 
0.31 
4.71 
0.11 
0.01 
0.20 
0.74 
1.05 
1.93 
0.20 
0.71 
0.18 
0.08 
0.15 
0.03 
0.20 
0.04 
0.14 
0.02 
0.19 
0.04 
5.05 
33.00 
0.36 
0.37 
1.33 
4.96 
1.36 
9.38 
1.24 
8.03 
99.97 171.68 
1.34 
12.56 
18.01 
7.22 
2.16 
0.14 
8.38 
6.65 
7.70 
0.68 
8.70 
0.23 
0.05 
0.30 
0.73 
3.58 
7.61 
0.85 
4.04 
0.89 
0.61 
1.01 
0.15 
0.97 
0.16 
0.14 
0.07 
0.38 
0.05 
0.44 
33.48 
0.99 
0.50 
1.91 
20.51 
1.38 
7.92 
3.29 
5.61 
1,02 
0.03 
4.86 
3.11 
2.81 
0.34 
11.21 
0.08 
0.01 
0.11 
0.46 
1.72 
3.66 
0.38 
1.68 
0.46 
0.33 
0.52 
0.08 
0.54 
0.09 
0.30 
0.04 
0.25 
0.04 
1.16 
35,13 
0.63 
0.40 
1.94 
10.09 
0.32 
4.35 
0.40 
4.18 
0.30 
3.93 
61.28 
0.04 
-
38.05 
0.08 
-
0.03 
0.02 
-
0.01 
-
-
99.51 
0.65 
8.07 
156.32 183.31 270.13 217.11 
1.53 
5.61 
1.87 
7.54 
0.45 
0.11 
3.42 
1.46 
0.79 
0.11 
9.83 
0.02 
-
0.06 
0.52 
2.95 
4.98 
0.38 
1.28 
0.35 
0.10 
0.25 
0.04 
0.24 
0.04 
0.12 
0.02 
0.09 
0.02 
3.08 
39.50 
1.35 
0.99 
1.00 
10.86 
1.93 
6.70 
2.12 
6.48 
0.87 
0.05 
7.42 
3.54 
1.51 
0.22 
8.29 
0.06 
0.03 
0.06 
0.38 
1.41 
2.70 
0.26 
1.29 
0.50 
0.29 
0.37 
0.06 
0.42 
0.08 
0.26 
0.04 
0.24 
0.04 
1.00 
25.17 
0.51 
0.40 
1.93 
7.96 
1.37 
10.27 
3.26 
4.53 
0.48 
0.03 
3.33 
1.31 
1.11 
0.09 
4.15 
0.04 
-
0.04 
0.47 
0.69 
1.17 
0.14 
0.51 
0.20 
0.06 
0.16 
0.03 
0.20 
0.04 
0.12 
0.02 
0.12 
0.02 
5.63 
27.75 
0.41 
0.37 
1.00 
3.48 
1.63 
9.16 
136.37 
9.47 
0.68 
0.10 
7.00 
2.50 
1.59 
0.12 
9.99 
0.03 
0.01 
0.07 
0.57 
1.45 
2.36 
0.27 
1.24 
0.33 
0.25 
0.44 
0.06 
0.38 
0.06 
0.16 
0.02 
0.12 
0.04 
1.61 
53.00 
0.97 
0.41 
1.92 
7.18 
49.95 
0,02 
0.59 
49.44 
-
-
0.05 
0,14 
0.05 
-
0.07 
0.50 
100.81 
0.81 
8.74 
RHR-39 
58.78 
0,03 
0,48 
40.38 
-
-
0.04 
-
0.06 
0.03 
0.01 
-
99.81 
0.55 
4.91 
137.10 220.91 
2.45 
6.27 
4.71 
5.26 
1.63 
0.21 
4.88 
5.92 
11.62 
0.55 
7.38 
0.31 
0.04 
0.64 
0.24 
4.34 
7.82 
0.81 
3.32 
0.70 
0.51 
0.95 
0.14 
0.92 
0.16 
0.48 
0.07 
0.40 
0.06 
1.01 
37.48 
0.78 
0.48 
1.82 
20.68 
1.61 
7.45 
4.79 
8.34 
0.85 
0.04 
9.90 
5.22 
3.26 
0.28 
13.86 
0.11 
0.01 
0.20 
0.40 
0.89 
1.86 
0.23 
0.97 
0.26 
0.16 
0.31 
0.05 
0.35 
0.06 
0.21 
0.03 
0.20 
0.05 
1.46 
29.64 
0.45 
0.29 
1.60 
5.63 
Eleient 
RHR-50 
SiOj (Vt.Xl 
TiOj 
AI2O3 
fe203 
FeO 
KnO 
HgO 
CaO 
Na20 
K2O 
P2O5 
LOI 
Total 
Sc (ppi) 
V 
Cr 
Co 
Ni 
Cu 
Zn 
Ga 
Rb 
Sr 
Y 
Zr 
Nb 
Ba 
Hf 
Ta 
Th 
U 
La 
Ce 
Pr 
Nd 
SI 
Eu 
Gd 
Tb 
Dy 
Ho 
Er 
Ti 
Tb 
Lu 
SiOj/PejOj 
Zr/Hf 
lld(gWTb/(i 
Eu/Eu* 
ZREE 
RHR-U 
n.u 
-
0.28 
57.69 
-
-
-
-
0.07 
-
0.02 
0 .50 
RHR-42 RfiR-43 RHR-44 RHR-45 RHR-46 RHR-47 RHR-48 
32.64 
0 .02 
0.36 
66 .79 
-
-
0 ,02 
-
0 .08 
-
0.02 
1.00 
100.80 100.S3 
0.75 
4.66 
151.20 
1.46 
6 .77 
5.04 
6 .47 
0.93 
0.06 
9 .03 
4 .52 
2 .70 
0.24 
11.89 
0.06 
-
0.11 
0.46 
1.94 
4 .43 
0 .42 
2 .01 
0.55 
0.34 
0 .65 
0 .10 
0 .63 
0 .11 
0 .32 
0.04 
0 .25 
0.06 
0 .73 
4 5 . 0 0 
0.75 
0 .40 
l.TO 
11.85 
0 .86 
13.35 
153.70 
2 .13 
6 .78 
6 .23 
12.74 
1.11 
0 .22 
7 .58 
3 .77 
5 .92 
0 .40 
13.41 
0 .18 
0 .01 
0.25 
0 .89 
3 .98 
5 .71 
0 ,49 
2 .07 
0.44 
0 .30 
0 .55 
0 .09 
0 .55 
0 .09 
0 .28 
0 .04 
0 .22 
0.04 
0 .49 
32 .89 
0 .89 
0 .58 
1.77 
14.85 
44 .16 
-
0.58 
53 .78 
0.04 
-
0 .30 
0.05 
-
0.01 
0 .06 
0 .50 
9 9 . 4 8 
0.54 
7 .90 
51 .21 
0 .03 
0 ,40 
47 .63 
0.04 
-
-
-
0.07 
-
0.02 
0 .50 
9 9 . 9 0 
0 .58 
9 .22 
83 .02 
0 .01 
0 .20 
15.93 
0 .08 
-
0.02 
-
0.03 
0.04 
-
0 .50 
40 .52 
0.04 
0 .33 
58 .69 
0 .32 
-
0.06 
-
0.03 
-
0.05 
-
99 .83 100.04 
0.24 
2 .49 
186.62 215 .99 312 .73 
1.61 
7.11 
3 .56 
3 .66 
1.68 
0 .20 
10 .32 
5.06 
7 .40 
0 .49 
8.09 
0 .17 
0 .02 
0 .31 
0 .19 
5 .43 
10,09 
0 .95 
3 .93 
0.76 
0.44 
0 . 7 2 
0 .11 
0 .68 
0 .11 
0.34 
0 .05 
0 .26 
0.04 
0 .82 
43 .53 
1.42 
0 .80 
1.76 
23 .91 
2 .05 
7.86 
5.01 
4 .31 
0.96 
0.14 
2 .80 
3 .34 
6 .52 
0 .28 
5 .07 
0 .16 
0 .03 
0.24 
0 .27 
3 .81 
5 .51 
0 .65 
2 .52 
0 .63 
0 .32 
0 , 5 2 
0 .09 
0 .57 
0 .10 
0 .33 
0 .05 
0 .29 
0 .05 
1.08 
40 ,75 
0 .81 
0 .59 
1.68 
15.44 
1.90 
7 .62 
5.34 
3 .53 
0 .23 
-
2.76 
0 .97 
0 .30 
0 .07 
4 .06 
0.01 
-
0.03 
0 .41 
1.40 
1.62 
0 .19 
0 .62 
0 .16 
0.04 
0 . 1 2 
0 .02 
0 .12 
0 .02 
0 .07 
0 .01 
0 .06 
0 .01 
5 .21 
30 .00 
1.00 
0 .83 
0 .80 
4 .46 
1.00 
12.25 
168.28 
1.63 
7.09 
1.81 
3 .62 
1.59 
0 .17 
7 .68 
5.84 
9 .63 
0 .53 
10.67 
0 .17 
0 .03 
0 .22 
0 .17 
4 .80 
8 .43 
0 .71 
3 .04 
0 .55 
0 .38 
0 .63 
0 .11 
0 .75 
0 .14 
0 .46 
0 .07 
0 .45 
0 .07 
0 .69 
56.65 
0 .63 
0 .51 
1.90 
20 .59 
4 8 . 3 8 
0 .05 
0 .48 
50 .12 
-
-
0.03 
0 .01 
-
0.04 
0 .03 
0 .50 
83 .09 
0 .02 
0 .26 
15.98 
0 .20 
-
0.02 
0 .02 
0 .01 
0 .02 
-
1.00 
18,67 
0 .01 
0 .10 
80 .09 
0 .04 
-
0 .02 
-
-
0.03 
0 .01 
1.00 
RHR-49 
24,38 
0,01 
0 .12 
75.24 
0 .08 
-
0.03 
0.01 
-
0,03 
0 .02 
0 ,50 
99 .64 100 .62 100 .06 100 .42 
0 .66 
9 .56 
1.11 
35.74 
156.07 193.94 
1.71 
4 .55 
3 .14 
5.74 
1.15 
0 .28 
16 .22 
7.27 
10.09 
0 .48 
14.21 
0 .32 
0 .03 
0 .51 
0 .22 
4 .95 
8 .39 
0 .82 
3 .60 
0 .86 
0 .55 
0 .93 
0 .14 
0 .88 
0 .15 
0.44 
0 .06 
0 .35 
0 .07 
0 .97 
31 .53 
0 .97 
0 .55 
1.83 
22 .19 
2 .17 
11.49 
81 .91 
15.13 
0.84 
3 .58 
8 .68 
1.99 
7 .06 
1.21 
106.67 
0 .20 
0 ,05 
0 .84 
1.33 
4 .73 
8 .22 
0 .97 
4 .11 
0 .77 
0 .17 
0 . 5 2 
0 .08 
0 .52 
0 .09 
0 .27 
0.04 
0 . 2 2 
0 .03 
5 .20 
3 5 . 3 0 
1.76 
0 .98 
0 .81 
20.74 
1.32 
14.96 
145.80 
1.60 
6 .10 
132 .13 
15.91 
1.64 
0 .29 
8 .67 
5 .91 
6 .90 
0.45 
7 .83 
0 .15 
0 .03 
0 .30 
0 .58 
3 .31 
6 .13 
0 .67 
2 .89 
0 .79 
0 .51 
0 .78 
0 .12 
0 .82 
0 .15 
0 .46 
0 .07 
0 .40 
0 .07 
0 .23 
4 6 . 0 0 
0 .78 
0 .44 
1.96 
17 .17 
1.19 
20.19 
116.21 
2 .16 
5.99 
83 .08 
21 .90 
1.41 
0 .30 
21 .68 
5 .21 
9.44 
0.64 
27 .11 
0 .18 
0.05 
0 .31 
0.55 
2 .81 
5 .77 
0 .58 
2 .58 
0 .48 
0.49 
0 .61 
0 .10 
0 .70 
0 .13 
0 .42 
0 .06 
0 .40 
0 ,07 
0 .32 
52 .44 
0 .61 
0 .40 
2 .72 
15.20 
TABLE 9.2 CBBMICAL COKPOSITION OF THE SHALT BiNDSD lEON FORMATIOK 
Kleient RA-IAS RA-IBS RA-2S RA-3AS RA-4S RA-5S RA-6S RA-7AS RA-8S RA-9S 
SiOj (»t.X) 36.93 22.07 27.59 24.64 17.20 3.08 22.68 23.66 13.18 14.53 
TiOj 0.57 0.40 0.56 0.51 0.39 0.10 0.52 0.49 0.14 0,16 
AI2O3 33.64 12.45 17.37 13.81 8.49 3.43 17.56 14.27 4.50 5.02 
Fe203 15.61 56.12 46.02 51.41 69.19 89.99 50.94 53.13 80.50 78,88 
FeO 0.08 0.12 0.12 1.10 0.12 0.08 0.08 -
KnO . . . - 0.01 
KgO 2.00 - - 1.00 1.50 
CaO 0 . 2 8 0 . 1 9 0 . 1 2 0 . 1 0 0 . 0 7 0 .07 0 . 2 3 0 . 1 2 0 .05 0 .05 
Na20 0 . 6 7 0 . 8 8 0 , 8 8 0 . 9 0 0 .90 - 0 .64 0 . 6 0 
KjO - 0 .04 0 .04 0 . 4 2 0 .04 0 .06 0 . 0 7 0 . 0 5 0 . 0 3 0 .04 
P2O5 0 .05 0 . 1 2 0 . 1 0 0 .16 0 . 1 2 0 . 0 8 0 . 0 8 0 .05 0 .06 0 .06 
LOI 13 .00 7 .50 7 . 5 0 6 . 0 0 4 . 0 0 0 . 5 0 7 .50 7 .50 0 . 5 0 0 .50 
Tot&l 100.T3 9 9 . 8 9 1 0 0 . 3 0 9 9 . 4 9 1 0 0 . 5 3 9 9 . 3 9 1 0 0 . 3 0 9 9 . 8 7 9 9 . 9 6 1 0 0 . 7 4 
Sc (pp i ) 7.45 14.37 16.59 12.89 11,76 4.88 10.65 11.90 4.44 8.89 
V 14.19 42.27 41.45 36.04 199.04 20.62 36.79 42 .52 35 .00 41.13 
Cr 23.68 62.90 52 .10 40.98 11.32 11.55 30.35 55.11 12.47 33.33 
Co 4,17 4.16 2 .20 4 .01 4 .62 7.61 3 .81 3.45 11.99 1.92 
Hi 35.66 69.17 58 .92 61.36 29.21 12.01 51.11 64.88 10.03 7.05 
Cu 17.72 51.13 29 .41 23.58 24.61 4.51 21 .02 29.27 90.78 69.25 
Zn 77.70 57.97 42 .46 61.47 38.28 10.36 53.62 82.15 22.47 32.06 
Ga 21.50 15.23 21.34 17.93 8.48 4.57 19.91 15.80 5.94 5.49 
Rb 0 . 2 9 0 .65 0 . 1 3 0 . 3 1 0 .64 0 .91 0 . 2 5 0 .25 0 . 6 3 1 .12 
Sr 3 5 . 2 7 3 2 . 1 6 4 1 . 8 2 2 4 . 7 1 5 4 . 2 9 10 .33 2 6 . 0 4 3 1 . 5 6 1 1 . 1 5 1 7 . 5 2 
T 14 .25 1 5 . 3 3 2 1 . 3 3 1 6 . 5 9 3 0 . 4 5 5 .33 1 3 . 6 6 1 7 . 7 3 8 . 3 8 7 .90 
Zr 160 .02 1 5 2 . 6 0 1 6 8 . 6 6 1 7 6 . 9 9 151 .44 1 6 . 9 7 1 3 6 . 1 9 1 1 4 . 2 5 6 4 . 2 0 4 1 . 8 3 
Hb 4 . 8 3 4 . 4 2 5 . 6 4 5 . 1 1 5 . 6 9 1.26 4 . 0 3 4 . 2 3 2 . 7 7 1 .04 
Ba 8 . 7 7 10 .44 1 8 . 4 4 2 8 . 7 9 7 5 . 1 6 2 1 . 6 0 2 3 . 7 0 16 .54 1 6 . 0 7 2 4 . 7 7 
Bf 6 .58 4 . 5 4 5 . 9 1 5 .39 3 . 8 3 0 .35 4 . 3 3 3 . 0 8 1 .31 0 .85 
Ta 0 . 6 7 0 . 5 3 0 . 6 3 0 . 4 6 0 . 7 5 0 . 1 0 0 . 4 0 0 . 4 3 0 . 2 0 0 .14 
Th 7 . 6 7 4 . 8 1 6 ,05 T.04 3 . 8 8 0 .59 4 . 5 3 4 . 1 3 1.55 1 .01 
D 0 . 4 2 0 .81 0 . 7 0 0 . 8 3 2 . 2 3 0 . 6 6 0 . 7 5 0 . 4 7 0 . 3 2 0 .31 
La 6 2 . 7 2 3 2 . 9 1 7 . 3 0 12 .15 1 3 . 8 4 4 . 4 5 2 2 . 3 8 1 6 . 1 2 6 . 3 9 1 5 . 2 2 
Ce 154 .67 6 9 . 0 6 2 0 . 9 2 3 0 . 3 2 3 2 . 0 9 14 .58 4 6 . 6 6 3 4 , 3 3 1 3 . 0 8 2 1 . 7 0 
Pr 1 6 . 5 3 8 . 1 6 2 . 2 4 3 . 5 0 3 .34 1 .13 6 . 7 8 4 . 3 4 1.86 2 . 8 8 
Hd 6 0 . 5 5 2 9 . 0 8 9 . 4 8 1 4 . 8 9 1 2 . 4 2 4 . 7 8 2 7 . 5 7 1 9 . 5 1 8 , 5 3 11 .49 
S I 5,15 2.61 1.41 1.90 2.59 0.74 3.88 2.90 1.36 1.81 
Eu 1 .57 0 . 8 3 0 . 8 0 0 .75 1 .08 0 . 4 2 1 .12 0 . 9 1 0 . 7 7 0 . 8 2 
Gd 3 . 4 9 2 . 2 2 1 .41 1 .32 2 . 6 5 0 . 7 2 2 . 4 5 1 .82 1 .20 1.56 
Tb 0 . 5 5 0 . 3 7 0 . 2 7 0 . 2 5 0 . 4 8 0 . 1 3 0 . 3 8 0 . 3 2 0 . 2 1 0 . 2 5 
Dy 3 . 6 5 2 . 6 4 2 . 1 2 1,94 3 . 6 5 0 .94 2 . 5 3 2 . 3 8 1.55 1 .68 
Bo 0 .64 0 . 4 8 0 . 4 5 0 . 4 0 0 .74 0 . 1 8 0 .44 0 . 4 5 0 . 3 0 0 . 3 0 
Er 2 . 0 7 1 .62 1 .67 1 .53 2 . 6 5 0 . 6 5 1 .39 1 .60 1 .07 0 .95 
Ti 0 . 3 0 0 .25 0 . 2 9 0 .25 0 . 4 3 0 . 1 0 0 . 2 0 0 . 2 6 0 . 1 7 0 .14 
Tb 1 .83 1.55 2 . 1 0 1 .82 3 . 0 0 0 . 6 9 1 .21 1 .74 1 .13 0 .85 
Lu 0 . 2 8 0 . 2 2 0 . 3 0 0 . 2 5 0 . 4 9 0 . 0 7 0 . 2 9 0 . 2 7 0 . 2 1 0 . 1 2 
S i 0 2 / F e 2 0 3 2 . 3 8 0 . 3 9 0 . 6 0 0 . 4 8 0 . 2 5 0 . 0 3 0 . 4 5 0 . 4 5 0 . 1 6 0 . 1 8 
Zr/Bf 2 4 . 3 2 3 3 . 6 1 2 8 . 5 4 3 2 . 8 4 3 9 . 5 4 4 8 . 4 9 3 1 . 4 5 3 7 . 0 9 4 9 . 0 1 4 9 . 2 1 
» id( j , i /Yb(^ | 3 . 1 1 1 .76 0 . 4 2 0 . 7 7 0 . 3 9 0 . 6 5 2 . 1 4 1 .05 0 . 7 1 1.27 
L(u | /HREE(„ | 1 .80 1 .17 0 . 3 6 0 . 6 1 0 . 3 5 0 .54 1 .03 0 . 7 1 0 . 4 5 0 . 8 0 
Eu/ iu* 1.10 1.03 1.67 1.42 1.23 1.68 1.08 1.18 1.79 1.44 
£REE 314.00 152.00 50.76 71.27 79.45 29.58 117.28 86.95 37 .83 59.77 
Ele ient 
Ut.X 
EH 
17S 
RH 
20S 
KB 
21AS 
RH 
22AS 
RHR 
71AS 
RHR 
72S 
RHR 
T3S 
RHR 
74S 
RHR 
75S 
RHR 
76S 
SiOj 35.63 50.11 28.09 42.23 6.72 41.H 4.70 3.92 5.01 18,64 
Ti02 0.42 0.65 0.25 0,61 0.09 0.32 0.09 0.16 0.14 0.34 
AI2O3 13.15 19.25 11.38 21.63 4.79 6.42 4.51 3.75 4.40 13.44 
Fe203 40.32 19.93 49.97 22.90 84.37 49.43 86.51 88.89 85.39 65.81 
FeO - - 0.08 0,04 0.12 0.60 0.08 0.12 0.12 0.12 
HnO 0.02 - 0.03 0.02 -
HO - . - - 1 .60 - 2 . 0 0 1.40 1 .10 -
CiO 0 .13 0 . 1 6 O . n 0 . 1 6 0 . 1 1 0 , 1 0 0 . 0 9 0 . 0 8 2 . 0 3 0 . 1 1 
N&2O 0 . 4 0 0 . 4 2 0 . 3 6 0 . 3 2 0 . 3 6 0 . 2 2 0 . 2 2 0 .24 0 , 2 6 0 .24 
K2O 2 . 2 0 2 .47 1 .03 3 . 9 1 0 . 0 6 0 . 0 6 0 . 0 5 0 . 0 6 0 .07 0 . 0 6 
P2O5 0 . 0 5 0 . 0 5 0 . 0 6 0 . 0 8 0 . 0 5 0 . 0 5 0 . 0 6 0 . 0 6 0 . 0 5 0 . 0 5 
LOI 7 . 5 0 7 . 0 0 8 . 5 0 8 . 5 0 1 .50 2 . 0 0 1 .50 1 .50 1 .50 2 . 0 0 
T o U l 99.80 100.04 99.89 100.38 99.77 100.36 99.81 100.21 100.09 100.81 
Sc (ppil 8.01 11.36 6.04 10.00 2.90 6.30 2.49 3.34 2.96 7.61 
V 5 4 . 8 1 62 .77 3 1 . 8 8 5 3 . 7 7 6 0 . 8 7 6 5 . 9 8 4 3 . 8 6 7 2 . 0 3 5 4 . 0 2 1 8 4 . 5 1 
Cr 4 4 . 6 9 8 4 . 0 6 2 6 . 3 5 6 5 . 3 7 1 6 . 1 3 2 4 . 2 4 1 4 . 4 6 2 5 . 6 2 1 5 . 9 6 3 2 . 2 0 
Co 11 .14 6 . 0 9 5 . 2 3 9 . 4 2 9 . 6 6 1 7 . 2 0 12 .93 6 . 1 0 8 .47 6 .77 
Ni 4 3 . 3 8 6 3 . 7 7 3 9 . 9 0 5 4 . 0 8 9 . 6 5 2 6 . 6 7 7 .53 6 . 5 3 8 . 9 0 5 7 . 7 5 
Cu 70 .07 5 . 4 0 3 . 4 3 7 .78 8 2 . 7 8 1 6 . 1 7 7 8 . 9 7 4 . 6 8 5 5 . 0 1 5 9 . 4 1 
Zn 2 3 . 8 8 18 .21 2 8 . 9 2 2 2 . 8 2 19 .74 3 6 . 0 4 1 9 . 8 6 8 . 2 1 1 6 . 3 0 4 7 . 8 8 
Ga 15 .55 2 0 . 8 9 1 7 . 6 1 2 8 . 6 2 6 . 1 6 4 . 8 5 6 .23 5 . 3 1 5 . 9 7 15 .75 
Rb 128 .65 152 .96 5 8 . 8 8 2 3 3 . 0 8 0 . 3 3 0 . 7 8 0 .67 0 .33 0 . 7 5 0 . 2 2 
Sr 3 6 . 0 0 5 3 . 3 1 2 3 . 5 4 7 8 . 5 8 5 8 . 6 4 8 .24 3 7 . 9 2 16 .33 3 1 . 2 1 1 4 . 6 9 
Y 12.07 18.69 10.85 17.93 18.95 29.77 15.86 5.52 16,92 37.08 
Zr 152.58 276.88 123.90 259.25 30.76 166.98 20.93 49.87 62.94 267.75 
Nb 3.46 5.48 6.61 8.24 1.49 1.61 1.22 2.07 2.40 1.64 
Ba 68.37 84.30 35.59 108.65 35.05 15.46 29.49 32.31 49.18 37.09 
Hf 4.10 6.50 3.94 8.18 0.67 4.83 0.35 1.06 1.44 5.77 
Ta 0.39 0.61 0.70 0.87 0.10 0.34 0.11 0.20 0.22 0.29 
Th 6.36 9.24 21.26 12.50 0.72 3.66 0.86 1.28 1.70 4.40 
U 2.39 2.23 2.32 2.02 1.71 1.85 1.34 1.14 0.99 . 2 . 7 7 
La 5.65 17.62 5.85 21.52 6.15 4.58 8.68 20.18 20.68 10.26 
Ce 6.67 16.04 9.26 28.06 12.03 7.11 14.96 26.35 13.39 20.45 
Pr 1.51 4.10 1.86 4.16 1.70 1.36 1.78 3.35 4.64 1.99 
Nd 6.97 16.08 6.89 17.56 8.75 6.80 6.62 12.60 20.19 8.87 
S I 1.25 2.43 1.56 3.30 1.67 1.63 1.29 1.92 3.64 2.30 
Eu 0.51 0.92 0.46 0.96 1.09 0.96 1.07 0.93 1.48 1.53 
6d 1.34 2.90 1.31 2.36 2.18 1.95 1.73 2.04 3.20 3.09 
Tb 0.23 0.44 0.23 0.39 0.33 0.37 0.26 0.34 0.52 0.58 
Dr 1.68 2.94 1.74 2.70 2.03 3.10 1.58 2.36 3.42 4.61 
Ho 0.32 0.50 0.35 0.49 0.33 0.66 0.26 0.43 0.60 0.84 
Br 1.12 1.56 1.24 1.62 0.99 2.S8 0.76 1.41 1.76 3.50 
Ti 0.17 0.22 0.20 0.24 0.13 0.46 0.10 0.22 0.25 0.59 
Tb 1.16 1.29 1.35 1.51 0.77 3.27 0.58 1.37 1.53 4.17 
Lu 0.20 0.26 0.19 0.25 0.12 0.44 0.16 0.19 0.21 0.83 
Si02/Fe203 0.88 2.51 0.56 1.84 0.08 0.83 0.05 0.04 0.06 0.28 
Zr/Hf 37.22 42.60 31.45 31.69 45.91 34.57 59.80 47.05 43.71 46.40 
Kd(K|/Yb|„| 0.56 1.17 0.50 1.09 1.07 0.20 1.08 0.86 1.24 0.20 
L(x|/HREB(„| 0.34 0.56 0.38 0.71 0.45 0.16 0.54 0.65 0.61 0.19 
EQ/BU* 1.16 1.02 0.96 1.02 1.70 1.60 2.14 1.39 1.29 1.70 
28.78 67.30 32.49 85.12 38.27 35.27 39.83 73.69 75.51 63.61 
Fe20o/Si02 molar ratio is dependent on the relative thickness of 
iron and silica bands. Significant clastic input is present in 
SBIF, whereas CBIF contains no or negligible amount of clastic 
input. These clastic inputs are reflected in higher AI2O2 and 
TiOg content. Most of the CBIF samples have 0.00 to 0.09% Ti02 
with AI2O3 values ranging between 0.00 to 0.80%. In SBIF both the 
Ti02 and AI2O3 values increases from 0.09 to 0.65% and from 3.43 
to 33.64% respectively. CBIF and SBIF form separate groups. 
Linear relationships between AI2O3 ^^'^ '^^^2 ^^^ been observed by 
several workers (Laajoki and Saikkonen, 1977; Trendall and Pepper, 
1977; Ewers and Morris, 1981; Khan et al., 1992; Gnaneshwar Rao 
and Naqvi, 1993; Manikyamba et al., 1993). In BIFs of the present 
study area a linear relationship is observed between AI2O3 and 
Ti02 at higher concentration (Fig. 9.2). The exceptionally higher 
amount of AI2O3 in SBIF (upto 33%) due to the presence of 
kaolinite and muscovite clearly indicate that terrigenous 
sedimentation in variable amounts continued with chemical 
precipitation. The alkali content of CBIF is negligible, maximum 
being 0.08% and in SBIF it ranges from 0.03 to 4.23%. Chemical 
weathering in the source region has left the clay which was 
brought to the basin as suspended load and deposited during 
regression of ocean along with the precipitation of FeO and Si02. 
The samples of high K2O and NagO reflect the incorporation of acid 
volcaniclastic debris in SBIF. Both the BIFs are extremely 
depleted in CaO, reflecting absence of calcite. MgO content in 
CBIF is negligible but in SBIF it goes upto 2% indicating 
volcaniclastic contribution during the precipitation of BIF. 
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9.1. High order correlation coefficient between Si02 and 
Fe203 is illustrated. In CBIF the antipathetic 
relationship is of very high order as it entirely 
consists of Si02 and Fe203 whereas this 
relationship in SBIF is comparatively of lower 
order as it contain some other major elements also 
in substantial amount. Solid circle = cherty 
banded iron formation; open square = shaly banded 
iron formation. Same symbols are used in all the 
illustration of BIF. 
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80 90 
Figure 9.2. Al203/Ti02 variation diagram for BIF of Kushtagi 
schist compared with BIFs of some other localities. 
High AI2O3 and Ti02 in SBIFs indicate considerable 
clastic input. 
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9.3 Trace Element Geochemistry 
Zr, Hf, Y, Rb, Sr, Ta, U and Th are the few elements brought 
to the ocean water by the weathering of felsic rocks of the crust. 
On the other hand the source of ferromagnesian elements namely Cr, 
Ni, Co, V and Sc are generally mafic rocks. They can be supplied 
either from the weathering of the exposed land or by the within 
basin volcanism. The enrichment of Zr, Hf, Y, Rb, Sr, Ta, U and 
Th in BIF may be considered as indicators for the supply of the 
terrigenous material to the basin at the time, of deposition of BIF 
sequence. Similarly, enrichment in Ni, Cr, Co, V and Sc probably 
indicate that basic-ultrabasic clastic material was also supplied 
to the basin. Since large quantities of volcaniclastic rocks are 
present in the basin in association with BIF, this enrichment of 
ferromagnesium traces may be attributed either to basic volcanism 
or to a basic source outside the basin. 
In geochemical processes Rb and Sr generally accompany 
alkalies. A close examination reveals that CBIF and SBIF both 
contain Rb below one ppm but in few samples of SBIF, Rb is very 
high; it goes even upto 233 ppm. Sr content of around 35 CBIF 
samples (out of 50) is less than 10 ppm but almost all SBIF have 
Sr more than 10 ppm. The low order positive correlation (r = 
0.59) between Rb and Sr and their comparatively higher value in 
SBIF (Fig. 9.3A) reflect the felsic contribution. A perfect 
sympathetic positive relationship exists between Hf and Zr (Fig. 
9.3B), two most diagnostic element for terrigenous contribution. 
There is no gap between CBIF and SBIF. The concentration of Hf 
and Zr is low in CBIF in comparison to SBIF. This suggests that a 
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continuous supply of a varying quantity of terrigenous debris has 
been maintained to the basin and the mixing of hydrothermal 
solutions with elastics has been quantitatively and qualitatively 
consistent. 
This inference about terrigenous contribution is further 
strengthened by Y vs V, Y vs Zr and Nb vs Ta diagrams (Fig. 9.3C, 
D and E). Y-V plot show sympathetic linearity (r = 0.80) and a 
noticeable distinction between CBIF and SBIF (Fig. 9.3C). Similar 
distinctive behaviour is seen in Y and Zr distribution (r = 0.80). 
Zr and Y content is less than 10 ppm in most of the CBIF, whereas 
they are more than 10 ppm in most of the SBIF. The Zr enrichment 
in SBIF goes upto 280 ppm and Y upto 37 ppm. A complete gradation 
of CBIF into SBIF is seen on the Y-Zr plot (Fig. 9.3D). Similar 
distinctive behaviour is seen in the Nb and Ta plot (Fig. 9.3E; r 
= 0.87). The Nb and Ta in CBIF is very low in comparison to SBIF. 
Some of the CBIF have Ta value below detection limit. Sample Nos. 
RHR-16 and 27 show abnormal behaviour in Nb and Ta. The 
concentration of Th and U is not the same as those measured in the 
rocks today and at the time of deposition as both Th and U undergo 
radioactive decay. The Th/U ratio is also affected as the half 
lives of Th and various uranium isotopes are different. Both Th 
and U show two different scattered population in BIFs of Kushtagi 
schist belt and the total concentration of Th and U in CBIF is 
lower than that in SBIF (Fig. 9.3F). It clearly indicate that Th 
and U in BIF have been brought from two different sources and its 
higher concentration in SBIF reflect the terrigenous contribution. 
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9.3A. Shows simultaneous increase of Rb and Sr. Rb 
enrichment in SBIF is due to contribution from 
terrigenous input. 
9.3B. Hf vs Zr plot show a very high order positive 
correlation in CBIF as well as in SBIF. Hf and Zr 
are more enriched in SBIF than CBIF, indicating 
contribution from terrigenous input. 
9.3C. Illustrates positive correlation between Y and V. 
9.3D. Shows excellent positive relationship between Y and 
Zr. 
9.3E. Shows positive correlation between Nb and Ta. 
9.3F. Th-U relationship also indicate that the higher 
concentration of Th and U in SBIF is a 
consequence of terrigenous input. 
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Ni and Cr content in both types of BIF show wide variation 
(r = -0.52). The Cr content in CBIF ranges from 100 ppm to 310 
ppm whereas in SHIP it varies between 11 to 85 ppm. Ni show two 
population in its concentration. In 8 SBIF samples and all the 
CBIF samples Ni varies from 4 to 15 ppm; in rest of the SBIF it 
ranges from 25 to 65 ppm. When Cr, Ni and Zr are plotted in 
various combination they show three different populations, one in 
CBIF and two in SBIF (Fig. 9.4A, B and C). The highest value of Cr 
is found in CBIF exhibiting a scatter; these CBIF shows depletion 
in Ni. One population of SBIF shows depletion in both Ni and Cr 
whereas the other population shows depletion in Cr but enrichment 
in Ni (Fig. 9.4A). BIFs formed by chemical precipitation from 
normal seawater do not have such high concentrations of these 
elements. Therefore, higher abundances of these elements indicate 
that enrichment in Cr and Ni contents is probably due to the 
contribution of volcaniclastic input and cannot be explained 
satisfactorily unless the fumarolic and explosive volcanic 
activity, producing ash, is invoked in this basin (Gnaneshwar Rao 
and Naqvi, 1993; Manikyamba et al., 1993). When Ni and Cr are 
plotted against Zr, a random behaviour with three different 
populations is seen. CBIF occupy a distinct place from SBIF as 
Ni, Cr and Zr concentrations are significantly different. Ni vs 
Zr (Fig. 9.4B) and Cr vs Zr (Fig. 9.4C) also show three different 
populations as shown by Ni-Cr plot. Zr and Cr concentrations are 
higher in SBIF but the Ni concentration is of two different 
populations, indicating two different types of volcanic activity 
has contributed to the compositional parameters; one with lower Ni 
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content and the other with higher Ni content. Two types of 
volcaniclastic and terrigenous debris appears to have been 
deposited along with the chemical precipitates in highly variable 
proportions. The Sc and V are also very diagnostic elements. 
Their increase or decrease simultaneously and their enrichment in 
a sediment signifies the contribution from a basic-ultrabasic 
source. Most of the CBIF have very low amount of Sc (<2 ppm) and 
V (<20 ppm) but the SBIF have more than 2 ppm of Sc and more than 
20 ppm of V. Although Sc and V show a positive correlation (r = 
0.60); a close observation of Table 9.2 and Sc-V plot (Fig. 9.4D) 
indicate that SBIF have two different populations. The SBIF 
samples which show lower amount of Zr, Ni and Cr also show low 
abundance of Sc and V in comparison to other SBIF of this region. 
This distinction in population of ferromagnesian trace elements is 
also reflected in SiOo-Cr plot. At moderate values of silica in 
CBIF the Cr is always more than 100 ppm but at a higher silica 
value it shows slight enrichment in Cr (Fig. 9.4E). Two 
populations of samples based on abundance of Cr are also seen in 
SBIF. At very low level of silica the Cr content in SBIF is also 
very low. The samples of hematite rich layers of SBIF (with the 
exceptionally enriched Fe203 of about 75%) are depleted in Cr 
(Fig. 9.4F); these samples are also depleted in Ni, Zr and AI2O3. 
At 40-55% concentration level of Fe203 in SBIF Ni enrichment is 
pronounced. The marked difference in the abundance of Ni ans Cr 
in different BIF groups appear to be due to similar differences in 
the volcanic rocks. Ni and Cr content of the associated volcanic 
rocks varies greatly (Chapter X). One group of volcanic rock 
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Figure 9.4A. Ni vs Cr diagram showing three different 
populations. CBIF shows a scatter with enrichment 
in Cr and depletion in Ni. In SBIF Ni and Cr shows 
two population. One shows depletion in both Ni and 
Cr and the other shows depletion in Cr but 
enrichment in Ni. 
Figure 9.4B. Ni-Zr diagram illustrating three different 
population. 
Figure 9.4C. Cr-Zr diagram showing very well defined 
three population of Cr vs Zr combination. 
Figure 9.4D. Illustrates positive correlation between Sc and V, 
with SBIF having two different population. 
Figure 9.4E. Si02-Cr plot shows the distinction in population 
of ferromagnesian mineral indicative of two 
different types of volcanic activity taking place 
in the basin. 
Figure 9.4F. Fe203 vs Cr plot also shows three different 
population. SBIF with exceptionally enriched Fe203 
samples are depleted in Cr. SBIF with moderate 
Fe203 content have enriched in Cr. CBIF has higher 
amount of Cr in comparison to SBIF. 
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samples is highly enriched in Ni and Cr while the other group is 
depleted, indicating divergent type of magmatic activity in this 
belt. This variation in the chemical composition of magmatic 
activity is reflected in the composition of SBIF, thus two 
population are seen in it. The hematite rich band got deposited 
by the reaction between FeO and Oo produced by biological 
mediation. While FeO is converted into iron-oxides, hydroxides and 
Fe203 to precipitate, Cr do not react with Oo. therefore do not 
precipitate as oxide. Thus Cr appears to have settled down along 
with SiOp rich band. This may be the possible cause for inverse 
relationship between Cr on one hand and Fe202/Si02 on other. 
Therefore the hydrothermal characteristic was superimposed and 
modified during the deposition of BIF. 
When Cr:Zr:Y ratios are considered and plotted on a ternary 
diagram (Fig. 9.5), all the CBIF samples are observed to occupy 
the Cr apex and the SBIFs show tendancy to converge towards Zr 
apex. This further substantiate the inference that higher amount 
of Zr in SBIF and Cr in CBIF were added from a source other than 
the hydrothermal; possibly terrigenous and volcanic. The data 
presented above suggest that the type and quantity supplied by the 
terrigenous and volcaniclastic material to the different BIF 
suites and layers at different places has been extremely variable. 
Both volcaniclastic (probably of two type) and terrigenous debris 
have been deposited along with chemical precipitates in highly 
variable proportions. 
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Figure 9.5. Shows Cr:Zr:Y ratios in BIFs. Cr enrichment in 
CBIF with respect to Zr and Y and Zr enrichment in 
SBIF with respect to Cr and Y may be noticed. 
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9.4 Rare Earth Elements 
REE content of CBIF and SBIF show significant variation in 
their abundance, Ce depletion and nature, magnitude of Eu 
anomalies (Eu/Eu*). NASC normalized REE patterns of individual 
samples of CBIF as a whole show little difference and are almost 
identical in LREE/j^ x/HREE/j^ \ <1 and Nd/j^ j/Yb/j^  x <1 in most of the 
samples. The REE patterns of the BIFs are shown in Fig. 9.6A to 
G. Out of the 50 CBIF samples anlaysed for REE concentration, 47 
samples show little difference and are almost identical and have 
been plotted in 6 different illustrations (Fig. 9.6A to F) as the 
presentation of 47 samples in one illustration is difficult and 
confusing. Only 3 CBIF samples out of 47 samples show anomalous 
behaviour (Fig. 9.6G). Therefore in general most of the CBIF 
samples contain depleted to moderate 2REE, LREE/j^ \/HREE/j^ x <1, 
Nd/jq\/Yb/j^ V <1 and strong positive Eu anomalies. Average REE 
pattern of SBIF are almost identical except the level of SREE is 
elevated. Negative Ce anomaly is also observed in some samples 
(Fig. 9.7A to D), as a consequence oxidation of Ce"*"^  to Ce"*"^ . The 
removal of Ce"*" from the system was not complete resulting in 
variable abundance level of Ce in SBIF. This Ce anomaly is not 
observed in CBIF as probably the abundance of O2 was less during 
its deposition whereas at the time of deposition of SBIF abundance 
level of O2 has intermittently increased to oxidize Ce to Ce 
The layer which was deposited during relatively higher Eh shows 
negative Ce anomoly.. Cerium thus oxidized was accumulated in 
another layer producing positive Ce anomaly. 
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Figure 9.6A-F.47 samples of CBIF out of 50 samples analysed shows 
similar REE patterns. All samples show depleted to 
moderate SREE, flat to slightly HREE pattern with 
strong positive Eu anomaly. 
Figure 9.6G. REE pattern of 3 samples of CBIF showing anomalous 
behaviour in their REE patterns. 
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Figure 9.7A-D.REE pattern of 20 SBIF samples showing negative 
through no to positive Ce anomaly with slightly 
elevated SREE content indicating terrigenous input 
in variable proportions. 
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In spite of scatter in the HREE/LREE ratios, both LREE and 
HREE increases simultaneously in CBIF and SBIF (Fig. 9.8A; r = 
0.65). The Nd/Yb ratios shows the same scatter and a simultaneous 
increase of Yb and Nd from pure CBIF to SBIF (Fig. 9.8B; r = 
0.53). A complete gradation between these values is seen in 
HREE/LREE and Yb/Nd plots. If the REE in BIF samples would have 
been derived from a felsic volcanic source a reverse pattern would 
be evident because of fractionation which produces the felsic 
rocks and thus a sloping pattern from La to Lu. The simultaneous 
increase of Nd and Yb at very low concentration levels indicates 
that the solution which carried FeO, Si02 and REE were not derived 
from leaching of either a felsic or a basic rock or the sediments 
deposited at the ocean floor. These low order abundances are 
similar to those observed in the hydrothermal solutions generated 
at the MOR. Almost all the BIF samples exhibit positive Eu 
anomalies. The magnitude of variation in the Eu/Eu is high (Fig. 
9.8C). Predominance of the positive Eu anomalies in all types of 
BIF indicate that the solutions which brought FeO and Si02 to the 
ambient ocean were derived from a reducing environment. Such 
positive Eu anomalies are observed in BIFs irrespective of their 
age or locality and can only result from the input of Eu enriched 
hydrothermal fluids into the water column of the oceans (Graf, 
1978; Fryer, 1983; Barrett et al., 1988; Khan et al., 1992; 
Manikyamba et al., 1993). A high AI2O3 concentration is believed 
to elevate the level of ZREE. The SREE and AI2O3 plot (Fig. 9.8D) 
shows a scatter from 3 to 35 ppm at 0.01 to IX AI2O0 level. But 
at a higher concentration of AI2O3 in SBIF the ZREE also increases 
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Figure 9.8A. HREE vs LREE plot show sympathetic relationship. 
This ratio increases from CBIF to SBIF. 
Figure 9.8B. Yb vs Nd plot show sympathetic correlation. 
Figure 9.8C. Illustrates the relationship between Eu and Eu*. 
Predominance of positive Eu anoamlies in both types 
of BIFs is reflected. 
Figure 9.8D. 2REE vs AI2O3 plot show that REE content increases 
with clastic input as most of SBIF have higher SREE 
than those of CBIF. 
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from about 30 ppm to 300 ppm. This clearly shows that 2REE 
enrichment is caused by clastic input. This is further 
substantiated by a perfect positive linear relationship between 
SREE-Zr (Fig. 9.9A; r = 0.61) and SREE-Hf (Fig. 9.9B; r = 0.69). 
A high Zr concentration is believed to elevate the level of SREE, 
especially HREE (Taylor and McLennan, 1985), resulting in a slight 
HREE enriched REE pattern (Fig. 9.6 and 9.7; Derry and Jacobsen, 
1990) and higher Hf is also indicative of terrigenous input 
resulting in enrichment of SREE. 
When La is deduced from SREE and plotted on SREE-La vs La 
plot then a sympathetic correlation is observed between SREE-La 
and La indicating a normal behaviour of La in both CBIF and SBIF 
samples of Kushtagi schist belt (Fig. 9.9C). The La spiking 
reported from Canada (Barrett et al., 1988), Sandur (Manikyamba et 
al., 1993), Chitradurga (Gnaneshwar Rao and Naqvi, 1993) and in 
few samples of Kudremukh (Khan et al., 1992) is not observed in 
these samples. When La+Ce is subtract.ed from SREE and 
SREE-(La+Ce) is plotted against Ce, we find that almost all the 
CBIFs fall on the line of linearity but only few of SBIFs fall on 
this line. Rest of the SBIF samples fall above this line (Fig. 
9.9D). This indicates an anomalous behaviour of Ce in SBIF. This 
may be attributed to presence of high amount of free ©£ above wave 
base and photic zone, where SBIF were deposited. In general, 
pronounced Ce depletion is not seen in samples of Kushtagi as has 
been found in the BIFs of Chitradurga and Sandur (Gnaneshwar Rao 
and Naqvi, 1993; Manikyamba et al., 1993). Absence of Ce 
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Figure 9.9A. SREE vs Zr plot show sympathetic relationship both 
are high in SBIF as compared to CBIF. 
Figure 9.9B. Illustrates the positive correlation between SREE 
and Hf. 
Figure 9.9C. Show sympathetic correlation between SREE-La 
and La. Normal behaviour of La may be noticed. 
Figure 9.9D. Illustrates mutual relationship between 
SREE-(La+Ce) and Ce. 
144 
1000 
A 
100 
UJ 
UJ 
1 
® 
• 
r = 0 - 6 l 
u 
0 - "'^l 
a 
, o c Q „ 
• • *%• 
• • 
• • 
I I I 
01 10 
Zr—» 
01 10 
Ce 
1000 
jioo 
UJ 
LiJ 
a: 
W 10 
1 
® 
— • • 
t 
« 
* 
• 
u 
» • 
r = 0 - 6 9 
Q 3 
. ° . o a 
• . : o 
< * • 
. • • / 
< 
.1. 1 
0 
3 
0 
O n 0 
% 
100 1000 0 01 01 
Hf 
1000 
r 
oioo 
o 
-J 
1 
UJ 
UJ 10 
a: 
1 1 
® 
^ • 
.*• 
i " 
a 
3 0 
1 1 
100 1000 0 1 
La 
10 
10 
1000 
t 
100 
a 
_J 1 
Ul 
a: 10 
1^  
1 
© 
• • 
0 
3 
. ^ > 
.••> 
• • 
1 1 
100 
anomalies has been recorded from other Archaean BIFs (Shimizu et 
al., 1990; Derry and Jacobsen, 1990; Khan et al., 1992). 
Geochemical studies of the hydrothermal solutions coming out 
of the vents at the Mid Oceanic Ridges (MOR) of modern oceans have 
provided a great constraint for the understanding of the origin of 
Precambrian BIF (Jacobsen and Pimentel-Klose, 1988). A binary 
plot comprising of Cu+Co+Ni against SREE of the hydrothermal 
solution samples from East Pacific Rise (EPR) and metalliferous 
deposits near the MOR has been prepared by Klein and Beukes 
(1989). When the present data is plotted on this illustration, 
some of the samples are observed to fall within the field and most 
of them fall very close to the field of hydrothermal solution 
(Fig. 9.10). This strongly substantiates the view that FeO, 
Si02, some of the trace elements and the REEs in BIFs have been 
added to the Archaean oceans by hydrothermal solutions. 
9.5 Oxygen isotopes of Kushtagi BIF 
Oxygen isotope ratio of coexisting silica and hematite in the 
banded iron formations is capable of putting important constraints 
on the depositional environment and/or subsequent alteration of 
the BIFs due to diagenesis, metamorphism etc. If silica and 
hematite are precipitated in a common reservoir, then the isotopic 
fractionation between the mineral pairs can be used to determine 
the temperature of formation of these pairs, provided that 
subsequent to their deposition the system remained closed and no 
isotopic resetting has taken place. On the other hand, if the 
original isotopic signature is disturbed due to diagenesis or 
metamorphism there will be perturbation of the original 6-values 
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Figure 9.10. (Cu+Co+Ni) vs SREE plot show most of the samples 
fall within well defined field of hydrothermal 
deposits or very close to it. All the smaples of 
SBIF lies outside this field indicating mixing of 
continental debris and volcaniclastic material with 
hydrothermal solutions, field of hydrothermal 
deposits and deep sea deposits are after Klein and 
Beukes (1989). 
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depending upon the temperature and eHoO (of the interacting fluid) 
during diagenesis or metamorphism. In this section, the oxygen 
isotopic compositions of a few chert and hematite separates are 
reported. Thin section examination reveals that the chert bands 
are having variable amounts of hematite in them (Fig. 6.1C; 
Chapter VI) whereas,the hematite bands are mixed with silica. 
Since these samples are microcrystalline in nature it was not 
possible to separate pure fraction of the two mineral phases. 
Similar problem was encountered by Hoefs et al. (1987) for Urucum 
BIF. Thus the separated bulk chert as well as the hematite 
fractions were determined for their FeoOo content before their 
oxygen extraction and subsequent mass spectrometric analysis. 
Although, at present oxygen isotopic data is available only on 4 
samples, still its provides a significant constraint on the 
temparature of BIF genesis. 
The 6 0 values of the Si02 rich fraction and hematite rich 
fraction along with their Wt% FeoOo are reported in Table 9.3. The 
18 measured 6 0 of the mixtures were corrected for pure end member 
1 8 6 0 values and are also included in Table 9.3. Since the Wt 
fraction of hematite in a quartz-hematite system is not equal to 
the mole fraction of the total system oxygen content in hematite, 
1 8 for the purpose of calculation of pure end member 6 0 values the 
Wt% Fe203 were converted to mole fraction of total system oxygen 
content in hematite in a two component quartz-hematite system. The 
corrections were applied according to the following equation; 
^;18r> _ R 1 8 ^ J./R18^ C18 
where, 
S O^ample = S'^'Osilica + <S^°OH„ " 6^°0silica) •^(0 )Hm 
18 
^ ^sample represents 6 value of the bulk sample (mixture) 
and, 
"Hm(0) 
X(0)Hm = 
"(Si02)(0) + '^Hm(O) 
n(0) represents moles of oxygen 
The oxygen isotopic fractionation between Si02 and hematite 
for the four mineral pairs obtained after correction for end 
member 6 0-values have been used to calculate the temperature 
using the quartz-hematite fractionation equation 
1000 In a^^°2 = 1.46 X 10^ + 9.0 (Yapp, 1990) 
rriC 
The calculated temperatures range between 71.4° and 165.2 C. 
The range of temperature obtained shows that the sample have 
undergone diagenetic alteration and metamorphism of lower 
greenschist facies which is corroborated by field observation as 
well as petrographic study. 
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TABLE 9.3 OITGBN ISOTOPE DATA AND TEMPERATURES CALCULATED FROK QUARTZ-HEMATITE 
FRACTIOMATION FACTORS 
S&iple No. 
RHR-20 
RHR-25 
RHR-34 
RUR-44 
8^^0( i i i ture) 
16.6 
4.0 
14.9 
4.8 
14.3 
3.9 
14.0 
5.3 
WW Fe203 
7.55 
79.08 
9.38 
66.63 
10.94 
69.36 
9.06 
70.84 
Corrected for end l e i b e r 
6-v&lues 
8^^0si02 6 ^ S . 
16.4 
16.1 
15.7 
14.9 
-1 .8 
- 5 . 2 
-5 .3 
-1 .7 
T^C 
125.2 
71.4 
75.7 
165.2 
CHAPTER X 
GEOCHEMISTRY OF ASSOCIATED METAVOLCANICS 
10.1 General Statement 
During the 4.6 Ga since the formation of the Earth and its 
primary fractionation into core, mantle and crust, melting of the 
more fusible constituents of the upper mantle has produced magmas 
which rise to the surface and solidify resulting in crustal 
evolution. Therefore volcanism plays an essential and vital role 
in all the stages of crustal evolution from Archaean to present. 
Greenstone belts represent one of the main components of early 
crustal growth and evolution. A large number of the contemporary 
earth scientists believe that most greenstone belts formed as a 
result of sea floor spreading followed by subduction-accretion 
processes associated with island arcs (Helmstaedf et al., 1986; de 
Wit et al., 1987; Condie, 1989; Taira et al., 1992). Burke and 
Kidd (1980) have reviewed the various types of volcanic rocks and 
their probable tectonic environments. They (ibid) suggest that 
basalts form at divergent plate boundaries; tholeiitic and 
calc-alkaline rocks, most characteristically andesites dominate 
where arcs form above subduction zones; highly potassic volcanics 
are associated with active continental collision. Burke and Kidd 
(1980) suggest that these processes along with the intraplate 
volcanism, appear to have operated at plate margins throughout 
most of the Earth's history. The geochemical data from volcanic 
rocks has been of great help to infer the tectonic setting and the 
processes through which they have formed. 
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Three sequences of volcanism including ultramafic, mafic and 
felsic rocks have been recognized in Kushtagi schist belt. The 
lower volcanic sequence is not well preserved and consists of 
largely ultramafic rock of komatiitic affinity. It is overlain by 
a succession of bimodal volcanism. Only overlying bimodal 
volcanic rocks have been taken up in the present study. 
10.2 Ma.jor Element Geochemistry 
The usefulness of major elements is restricted by element 
mobility and by the fact that these elements are always correlated 
in very simple patterns. There is not enough information in the 
limited number of independent variables to enable major elements 
to be used for tectonic discrimination. However for rock type 
definition and elementary petrogenetic classification they are 
useful. 
The chemical data (Table 10) indicate that the volcanic 
sequence is bimodal in composition with basalts and rhyodacites 
dominant volumetrically (Fig. 10.lA). The intermediate volcanics 
are however not encountered in the present study. 
Two fundamental magma series generally recognized are alkalic 
and sub-alkalic series. Each series has a succession of 
fractionation products ranging from basic to acid in composition. 
Based on Na20+K20 and Si02 content it is evident from Fig. 10. lA 
that the Kushtagi volcanics are of sub-alkalic magma series. The 
sub-alkalic Kushtagi volcanics are further plotted on Alkali Index 
(A.I.) vs Wt.% AI2O3 diagram (Fig. lO.lB), which distinguishes 
between tholeiitic and calc-alkali basalts. As A.I. is less than 
2 and AI2O3 is less than 16% in both basalts and rhyodacites, the 
151 
TABLE 10 CHBMICAL COMPOSITION OF BASIC AND ACIDIC VOLCANICS 
Eleients 
(Ut.X) 
Si02 
Ti02 
AljOj 
feZ^S 
FeO 
MnO 
K^O 
CaO 
Na20 
¥ 
¥i 
LOI 
Tott l 
Sc(ppi! 
V 
Or 
Co 
Mi 
Cu 
Zn 
6a 
Rb 
Sr 
7 
It 
Nb 
Ba 
Hf 
Ta 
Th 
U 
La 
Ce 
Pr 
Nd 
SI 
Eu 
Gd 
Tb 
Dy 
Ho 
Er 
Ti 
Yb 
Lu 
Fe203/FeO 
Cr/Ki 
Rb/Sr 
KN-16 
46.99 
Z.89 
11.91 
5.89 
12.02 
0.23 
5.32 
9.35 
1.98 
0.21 
0.12 
3.00 
RN-25 
49.68 
3.19 
11.92 
4.19 
11.86 
0.26 
5.56 
7.96 
2.24 
0.29 
0.14 
3.00 
99.91 100.29 
46.88 
605.76 
5.47 
80.84 
2.00 
25.47 
38.90 
Basic 
RM-IO 
48.37 
1.51 
13,62 
5.85 
7.84 
0.20 
7.92 
9.65 
1.50 
0.14 
0.07 
2.50 
RKY-10 
50.17 
0.82 
12.46 
3.27 
8.68 
0.19 
10.62 
10.77 
1.82 
0.41 
0.08 
1.00 
99.17 100.29 
29.54 38.78 
186.52 335.09 233.36 
RKT-18 
49.69 
0.71 
12.14 
0.97 
9.76 
0.20 
12.64 
11.88 
1.68 
0.16 
0.08 
1.00 
100.91 
41.24 
251.58 
36.54 102.72 728.71 1550.94 
80.71 
2.00 
56.27 
67.64 
97.62 
81.34 
21.43 200.83 128.66 
140.58 140.59 224.93 
17.05 
4.87 
18.88 
13.20 
19.06 
1.00 
88.15 
14.43 
26.13 
119.64 132.39 166.39 218.90 
33.02 
27.15 
2.58 
26.07 
0.85 
0.31 
0.32 
0.11 
3.71 
9.11 
1.63 
7.64 
2.20 
1.22 
3.58 
0.74 
5.04 
0.99 
2.39 
0.42 
2.86 
0.40 
0.49 
2.74 
0.04 
La( ( ) /Lu( j i I .00 
im' 41.93 
64.36 
69.96 
6.15 
i 7 . 5 9 
1.95 
0.41 
0.54 
0.17 
8.30 
16.77 
2.99 
13.42 
5.39 
1.65 
5.60 
1.18 
8.05 
1.71 
4.46 
0.76 
5.18 
0.60 
0.35 
18.27 
0.10 
1.14 
74.06 
53.27 
48.18 
4.99 
12.65 
1.07 
0.35 
0.56 
0.20 
8.66 
21.56 
2.82 
16.66 
5.11 
1.67 
5.92 
1.15 
7.55 
1.62 
4.21 
0.66 
4.17 
0.57 
0.75 
1.52 
0.01 
1.64 
82.33 
22.29 
14.80 
3.11 
38.90 
0.61 
0.41 
0.45 
0.16 
4.29 
11.13 
1.52 
7.76 
2.40 
0.73 
2.38 
0.46 
2.97 
0.62 
1.52 
0.24 
1.64 
0.23 
0.38 
8.96 
0.12 
2.02 
37.89 
99.75 
167.26 
98.43 
82.75 
13.79 
2.96 
99.94 
18.98 
15.48 
2.43 
12.07 
0.58 
0.19 
0.36 
0.09 
3.08 
7.44 
1.10 
5.02 
1.42 
0.48 
1.85 
0.34 
2.17 
0.49 
1.37 
0.22 
1.44 
0.21 
0.10 
9.27 
0.03 
1.59 
26.63 
RKL-19 
69.57 
0.25 
15.08 
0.67 
1.32 
0.03 
0.82 
1.91 
5.82 
1.28 
0.07 
2.50 
99.32 
2.66 
2.99 
20.83 
73.13 
2.63 
31.58 
34.14 
22.73 
32.56 
303.41 
4.74 
57.90 
2.58 
378.56 
1.85 
0.56 
4.45 
1.44 
15.04 
27.37 
3.00 
10.90 
1.93 
0.61 
1.68 
0.21 
0.85 
0.17 
0.39 
0.06 
0.38 
0.06 
0.51 
7.92 
0.11 
27.10 
62.65 
RKL-27 
72.73 
0.28 
15.14 
0.97 
0.92 
0.03 
0.70 
2.29 
4.32 
0.71 
0.06 
1.50 
99.65 
3.39 
3.17 
14.28 
59.29 
2.03 
24.85 
20.60 
24.77 
21.66 
178.06 
6.84 
99.33 
2.49 
441.33 
2.58 
0.53 
4.67 
1.88 
20.12 
37.76 
3.46 
14.87 
1.87 
0.67 
2.36 
0.29 
1.17 
0.23 
0.51 
0.08 
0.53 
0.07 
1.05 
7.03 
0.12 
31.07 
83.99 
• Acidic 
RKL-35 
70.17 
0.27 
14.92 
1.28 
1.06 
0.02 
0.80 
1.82 
5.92 
0.83 
0.08 
2.00 
99.17 
2.67 
21.42 
9.85 
44.57 
3.36 
41.99 
43.89 
21.72 
21.78 
220.28 
7.21 
60.06 
1.46 
233.16 
1.78 
0.34 
3.24 
0.69 
12.78 
26.22 
2.70 
12.51 
2.06 
0.62 
1.67 
0.25 
1.27 
0.27 
0.70 
0.11 
0.69 
0.07 
1.21 
2.93 
0.10 
19.74 
61.92 
REL-45 
70.06 
0.22 
15.87 
0.89 
0.92 
0.04 
0.46 
2.45 
5.12 
1.60 
0.07 
2.00 
99.69 
2.26 
-
9.22 
37.87 
1.00 
0.81 
32.35 
19.60 
36.89 
266.04 
5.89 
85.73 
1.99 
268.10 
2.22 
0.62 
4.22 
1.59 
12.63 
23.79 
2.21 
10.17 
1.69 
0.49 
1.39 
0.21 
0.90 
0.19 
0.51 
0.09 
0.53 
0.07 
0.97 
9.22 
0.14 
19.51 
54.87 
RIL-50 
71.10 
0.26 
15.62 
1.43 
0.78 
0.02 
0.77 
2.06 
5.54 
0.72 
0.08 
2.00 
100.38 
2.29 
-
3,87 
68.76 
2.00 
5.41 
38.86 
20.70 
19.14 
185.78 
4.95 
64.41 
1.82 
153.57 
1.85 
0.62 
2.39 
0.31 
12.64 
23.98 
2.66 
10.54 
1.79 
0.70 
1.82 
0.22 
0.85 
0.20 
0.55 
0.07 
0.34 
0.04 
1.83 
1.94 
0.10 
34.16 
56.40 
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Figure 10.lA.Total Alkali Silica (TAS) diagram show types of 
metavolcanic present in Kushtagi schist belt (after 
Le Bas et al., 1986). Solid triangle = Low 
Mg-basalt; + = High Mg-basalt; Solid circle = 
rhyodacite. Same symbols are used in all 
illustrations of this chapter. 
Figure 10.IB.A.I. vs AI2O3 diagram show tholeiitic nature 
of metavolcanics (after Middlemost, 1975). 
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magma series is classified as of tholeiitic basalt characteristic. 
Based on MgO% two types of basalts are recognized in the belt. The 
basalts with <8% MgO is enriched in FcgOgiT) and TiOg and other 
variety having MgO>10% is depleted in Fe203(T) and Ti02. CaO 
content in MgO depleted variety is less than 10% whereas in MgO 
enriched variety it is more than 10%. Alkali content is similar 
in both the varieties. TiOo content in low Mg basalts is very 
high. It is enriched upto 3.19%., due to the presence of very 
high amount of sphene and ilmenite. The AloOg content in basalts 
ranges from 11.91 to 13.62%, whereas, in rhyodacites it ranges 
from 14.92 to 15.87%. The CaO in rhyodacites varies between 1.82 
to 2.45 and the alkali content ranges from 5.03 to 7.74. 
10.3 Trace Element Geochemistry 
The concentrations of the compatible elements Ni, Cr and Co 
are higher in Archaean than modern tholeiitic basalts (Condie, 
1985). In Kushtagi belt low Mg-basalts contain very low amount of 
Ni and Cr (Ni range between 2-68 ppm; Cr ranges between 5-103 ppm) 
whereas the high-Mg variety contain appreciably higher amount of 
Ni and Cr (Ni ranges between 81-167 ppm and Cr ranges between 
728-1550 ppm). Co content is uniform in both the varieties and 
varies from 56 to 100 ppm. Zr content in both the varieties 
ranges between 14.80 to 69.96 which is slightly lower in 
comparison to Zr content of basalts from other late Archaean 
schist belts. 
In rhyodacites Cr, Ni and Zr content is low as was in the 
case of low Mg-basalts, indicating a probable common source. Sr 
ranges from 178-303 ppm, Ba ranges from 153-441 ppm whereas Hf is 
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extremely low (<3 ppm). These trace elements indicate that low-Mg 
basalts and rhyodacites might have formed by partial melting and 
fractional crystallization of high Mg basalt and other ultramafic 
bodies. 
Trace element data help to describe and characterize the 
rocks utilizing comparative diagrams. These data are then used to 
establish possible tectonic settings. Fairly large number of 
trace element studies have been made on volcanic rocks of 
different places and ages, with the aim of identifying their 
eruptive environment (Bickle and Nisbet, 1972; Pearce and Cann, 
1973; Naqvi and Hussain, 1979; Burke and Kidd, 1980; Bhaskar Rao 
and Drury, 1982; Drury, 1983; Rajamani et al., 1985; Manikyamba 
and Naqvi, 1993) . 
10.3.1 Discriminant Diagrams 
Volcanic rocks of the Kushtagi schist belt are plotted on 
Ti02-Mn-P20g tectonic discriminant diagram; which was developed by 
Mullen (1953; Fig. 10.2A). As the Ti02 content in low Mg basalts 
is exceptionally high, these samples fall in MORE field whereas 
other basalts fall in lAT field. The rhyodacites also fall in lAT 
field or close to it. In general, the Kushtagi schist belt 
volcanic suite plot as a plate margin sequence with characteristic 
of both diverging (MORE) and converging (lAT) margins. Two 
rhyodacitic sample lie in oceanic island alkalic (OIA) setting. 
The Zr-(Ti/100)-(Yx3) tectonic discriminant diagram was 
developed by Pearce and Cann (1973), using data from Cenozoic 
basaltic rocks that met the criteria of 20% >(CaO+MgO) >12X. The 
low Mg-basalt sample met the CaO+MgO requirement but the high 
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Mg-basalt contain slightly higher amount of CaO+MgO {upto 24.52%). 
Rhyodacites contain very low amount of CaO+MgO (max. 2.99%). 
Therefore this diagram is not applicable for knowing the tectonic 
setting of acid volcanics. Due to abnormality in TiOo and Zr 
content none of the basalt sample plots on any of the field but 
they show affinity towards lAT and MORE (Fig. 10.2B). 
Three of the basalt samples plot just at the edge of low-K 
tholeiite field, while two falls away due to higher amount of TiOo 
content in them on Ti-Zr diagram (Fig. 10.2C). All the samples of 
rhyodacites fall away from specified fields. 
In Zr/Y-Zr plot (Fig. 10.2D) also the basalt samples lie very 
close to lAT and MORE field. When all the geochemical 
characteristic are taken into account the Kushtagi volcanics seems 
to be the product of multiple melting and crystallization with 
characters of one superimposed on the other. 
Nb, Th and La are normalized to primitive mantle values 
(Hofmann, 1988), and plotted on Th/j^ \-Nb/j^ \-La/jjj diagram, 
developed by Jochum et al. (1991). The samples are displaced 
slightly away from the Th and Nb apexes as a result of depletion 
of the more incompatible elements. All the samples seems to 
follow komatiitic trend indicating their uncontaminated nature. 
10.4 REE Geochemistry 
The REE content of the Kushtagi basalts are found to be very 
similar to the low K-tholeiites of island arcs (Arth and Hanson, 
1975). The low Mg-basalts have higher amount of SREE in 
comparison to high-Mg basalts. The fact that MgO content 
decreases as REE content increases is consistent with olivine, 
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10.2A. Ti02-MnO-P205 tectonomagmatic discrimination 
diagram for oceanic basaltic rocks. OIT= oceanic 
island tholeiite; OIA= oceanic island alkalic; 
MORB= mid-ocean ridge basalt; IAT= island arc 
tholeiite; CAB= island arc calc-alkaline basalt 
(after Mullen, 1983). 
10.2B. Ti/100-Zr-Y.3 tectonomagmatic discrimination 
diagram for basaltic rocks. WPB= within-plate 
basalts; IAT= island-arc tholeiites; CAB= 
calc-alkaline basalts; MORB= mid-ocean ridge 
basalts (after Pearce and Cann, 1973). 
10.2C. Ti-Zr discrimination diagram. Ocean-floor basalts 
(OFB) plot in fields D and B, low-potassium 
tholeiites (LKT) in fields A and B, and calc-alkali 
basalts (CAB) in fields C and B (after Pearce and 
Cann, 1973). 
10.2D. Zr vs Zr/Y plot. WPB = within-plate basalts; MORB= 
mid-ocean ridge basalts; lAT = island-arc 
tholeiites (after Pearce, 1980). 
10.2E. La-Nb-Th diagram. All data are normalized to 
primitive mantle values (Hofmann, 1988). The 
metavolcanics of Kushtagi schist belt show 
komatiitic trend. OIB= oceanic island basalt; MORB= 
mid-ocean ridge basalt (after Jochum et al., 1991). 
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pyroxene and plagioclase fractionation. Both types of basalts 
show REE patterns confining to a narrow range of chondrite 
normalized REE abundance with no significant LREE to HREE 
fractionation with mild negative to positive Eu anomalies (Fig. 
10.3). The flat REE pattern with no Eu anomaly in the basalts can 
be produced by about 25% melting for a magma by direct melting of 
peridotite source (Arth and Hanson, 1975). 
The rhyodacites are interbedded with the depleted basalts and 
exhibit the distinctive signature of HREE depletion (Fig. 10.4), 
characteristic of many Archaean dacites (Arth, 1979) and some 
modern dacites formed at convergent plate margins (Hickey-Vargas 
et al., 1989) . 
Presence of basaltic and rhyodacitic volcanics in the belt 
with significant chemical parameters indicate that they were 
generated in a regimes of compositional of lAT and tensional 
setting of MORE as well. Ultramafic rocks along with basalts 
similar to those of lAT and MORE requires the spreading ridge in 
the region and the presence of basalts of lAT characteristic and 
rhyodacites indicate partial melting of the subducting 
lithosphere. The basalt formed at MOR probably got subsequently 
subducted and gave rise to basalts and rhyodacites of lAT affinity 
after partial melting and fractional crystallization. The 
geochemical data of the BIF as presented earlier and discussed 
subsequently very clearly demonstrates the existence of a MOR from 
which FeO and Si02 rich solutions were added (Chapter IX). 
Deformation pattern of greenstone belts and emplacement of lAT 
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Figure 10.3. REE patterns of basalts show flat REE pattern 
similar to low-K tholeiites of island arcs. 
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Figure IO44. BEE pattern of rhyodacites show highly fractionated 
pattern. 
160 
-< 
ROCK/CHONDRITE 
1—I I I I i i OJ 
CD 
i 1 
: ^ ^ 7D 
3 
rsj —^  
un c> 
C71 
I 
TO X I 
-< -< 
/ ; 
OO O 
indicates that these regions were converted into subduction 
related tectonic zones. Hence rocks of different types of 
tectonic setting were brought together. 
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CHAPTER - XI 
DISCUSSION AND SYNTHESIS 
The chemical and petrological characteristics of BIF and 
associated metavolcanics from Kushtagi schist belt, presented in 
the preceding chapters, provide insight into the genesis of BIF, 
which is one of the highly debatable and controversial aspects of 
Precambrian Geology. In Chapter V, a brief review of the existing 
information related to the problems of the genesis and evolution 
of the BIFs has been presented and various questions have been 
raised which still awaits satisfactory explanation. Based on the 
present work, a possible model for the genesis of BIF, namely, 
source of Si02» FeO and other constitutents alongwith depositional 
environment and tectonic setting is proposed. 
11.1 Source of FeO and SiOo 
The mineralogy and geochemistry of Kushtagi banded iron 
formation indicate that the CBIF mainly consists of hematite and 
microcrystalline quartz (chert), with some clastic contamination 
in the form of muscovite, whereas, the SBIF, apart from iron and 
silica, has significant amount of clastic contamination in the 
form of kaolinite and muscovite, which is reflected in their whole 
rock chemistry. The salient features of REE in CBIFs which help 
to model the source of FeO and Si02 are , (1) low 2REE content, 
(2) prominent positive Eu anomalies and (3) flat REE to HREE 
enriched pattern. The La spiking observed in Sandur (Manikyamba 
et al., 1993), Chitradurga (Gnaneshwar Rao and Naqvi, 1993), Lake 
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Superior region (Barrett et al., 1988) and in some samples of 
Kudremukh iron formation (Khan et al., 1992) is however, not 
present in the samples of Kushtagi schist belt. In previous 
chapters, it has been indicated that there can be three possible 
sources for iron and silica in BIFs, namely, (a) river water and 
aeolian storms, (b) detrital sediments deposited in the deeper and 
reducing part of the basin and (c) hydrothermal exhalation-
Presence of low concentration of SREE and flat REE to slightly 
enriched HREE pattern with positive Eu anomaly have ruled out the 
possibility of continental material and/or detrital sediments 
deposited in deeper and reducing part of the basin being the only 
source of FeO and SiOo for BIFs of Kushtagi schist belt, as these 
data remarkably differ from those of the present day ocean water. 
Present day ocean water shows extreme depletion in SREE, absence 
of positive Eu anomaly and presence of a strong negative Ce 
anomaly (Fig. 11.lA). Instead, these geochemical characteristics 
are almost similar to those of hydrothermal fluids and 
metalliferous deposits near the Mid Oceanic Ridge (MOR). 
Hydrothermal solutions emplaced in present day oceans of East 
Pacific Rise, Mid Atlantic Ridge and Red Sea are depleted in SREE 
and have positive Eu anomalies (Edmond et al., 1982; Piepgras and 
Wasserburg, 1983; Klinkhammer et al., 1983; Michard et al., 1983; 
DeBaar et al., 1985; Bowers et al., 1985; Michard and Albarede, 
1986; Ruhlin and Owen, 1986; Campbell et al., 1988b; Olivarez and 
Owen, 1989; Derry and Jacobsen, 1990). The REE patterns of the 
hydrothermal solutions from EPR are shown in Fig. 11.IB. Chemical 
data on hydrothermal deposits have been used by Dymek and Klein 
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(1988), and Klein and Beukes (1989) to distinguish between the 
hydrothermal and hydrogenous deposits. When data from Kushtagi 
schist belt are plotted on this diagram, most of the CBIF samples 
fall within or very close to the field of hydrothermal deposits 
(Fig. 9.10). However, due to presence of clastic contamination, 
which has elevated the 2REE content, SBIF samples fall away from 
this field. Therefore, depleted nature of SREE, positive Eu 
anomalies and flat REE to slightly enriched HREE in the BIFs of 
Kushtagi schist belt indicate that their metal constituent was 
added to ambient ocean by hydrothermal solution at Archaean Mid 
Oceanic Ridge (AMOR). Such hydrothermal source for the FeO of BIF 
has been suggested by several workers (Simonsen, 1985; Barrett et 
al., 1988; Klein and Beukes, 1989; Khan et al., 1992; Morris, 
1993; Alibert and McCulloch, 1993; Gnaneshwar Rao and Naqvi, 1993; 
Manikyamba et al., 1993). The REE patterns of Kushtagi iron 
formation is in general similar to that of many other Archaean 
BIFs (Fig. 11.IC). Klein and Beukes (1989) have modelled that 
deposition from an admixture of EPR hydrothermal fluids and North 
Atlantic sea water in a 1:100 ratio will yield SREE and positive 
Eu anomalies identical to those observed in BIFs (Fig.11.ID). 
The Gj^ j data (e^ j^ j = ^^^Hd/^'^^lid) of the BIF from Hamersley 
basin (Western Australia) and Michipicoten basin, Ontario, Canada 
(2.7-2.9 Ga) show that the solutions which provided iron and Nd 
were derived from the mantle as the G»JJ is closer to that of 
depleted mantle and varies between 0 to +4 (Jacobsen and Pimentel-
Klose, 1988). The data from Michipicoten BIF is presented in Fig. 
11.2A. The Nd elemental concentration is shown against AI2O3 and 
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Figure 11.lA NASC normalized REE abundances of average river 
water dissolved material, the effective river flux 
to the oceans, average hydrothermal water and 
average sea water. The heavy REE enrichment of 
average river water and the effective river flux to 
the oceans is similar to that of average sea water 
(after Goldstein and Jacobsen, 1988). 
Figure 11.IB REE data from 2lON hydrothermal waters (after 
Derry and Jacobsen, 1990). 
Figure 11.IC REE patterns of various Archaean iron formations, 
closed triangle = Bjornevorn iron formation, open 
circle = Beartooth iron formation, closed circle = 
Vermillian iron formation, open triangle = averege 
of Isua iron formations. Solid lines represents the 
REE pattern of averege seawater (after Derry and 
Jacobsen, 1990). 
Figure 11.ID NASC normalized REE patterns of the EPR 
hydrothermal fluid of different dilutions. North 
Atlantic Seawater and Siderite Rich BIF (after 
Klein and Beukes, 1989). 
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2^*^ 5 (Fig' 11.2B). The positive e^^ signature observed in 
Hamersley and Michipicoten was a global feature of Archaean ocean 
(Jacobsen and Pimentel-Klose, 1988). Positive values of e^^ 
indicate that there is a strong depleted mantle contribution for 
the Nd present in BIFs older than 2.0 Ga. The sediments of 
younger ages, ocean water and river water yield negative 6»TJ 
values. Therefore, the Nd isotopic data rules out the continental 
source, either as dissolved or suspended load for the Fe of BIFs. 
However, according to Alibert and McCulloch (1993), all Nd in 
Hamersley iron-formation does not belong to hydrothermal source. 
The 6j^^ of the Marra Mamba and Jeerinah BIFs and shales have 
negative e»jp values and are therefore continental, but the Dales 
Gorge-Joffne iron-formation in Wittenoom area have positive 6j^jj 
values similar to that of depleted mantle. 
Apart from iron, the second most important constituent in BIF 
is silica. As the REE patterns of silica enriched samples also 
show the same character as those of the iron rich samples, the 
source of silica must be the same as that of iron in BIF. Cherts 
and ferruginous cherts within, and associated with, BIF having 
depleted SREE, flat patterns with significant positive Eu 
anomalies have also been reported from other schist belts of DC 
(Khan et al., 1992; Gnaneshwar Rao and Naqvi, 1993; Manikyamba et 
al., 1993). These characteristics indicate that the Si02 of BIFs 
is also supplied by the hydrothermal solutions. Probably due to 
high exit temperature and alkalinity of the Archaean hydrothermal 
water, higher amount of SiOo was dissolved in it and added to the 
oceans. Mixing with the relatively cold oceanic water and lower 
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Figure 11.2A Isochron diagram showing the analytical results for 
Michipicoten BIFs. Reference lines corresponding to 
the U-Pb zircon age of 2.744 Ga are shown for 
initial Nd values of 0 and +4 (after Jacobsen and 
Pimentel-Klose, 1988). Symbols are same as in 
Fig. 11.IC. 
Figure 11.2B Nd vs P2O5 and Nd vs AI2O3 variation diagrams of 
Michipicoten BIFs (after Jacobsen and 
Pimentel-Klose, 1988). 
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alkalinity might have resulted in its precipitation. Hence, 
continuous supply of high concentration of SiOo rich hydrothermal 
solutions is essential to generate these BIFs. Higher silica 
concentrations (silica anomalies) associated with hydrothermal 
solutions of vents of the Guayamas Basin of Gulf of California and 
other places have been observed (Campbell and Gieskes, 1984; 
Campbell et al., 1988a). Cloud like features are formed from 
numerous hydrothermal plumes at modern MOR, which spread laterally 
as they approach density equilibrium with ambient water. These 
hydrothermal clouds show enrichment in dissolved Si02 and other 
elements and show depletion in dissolved oxygen relative to areas 
away from the vents (Campbell and Gieskes, 1984; Campbell, 1985; 
Campbell et al., 1988b). 
11.2 Source of Oo 
The source of Oo has to be consistent with the rate of 
oxidation of FeO to FeoOo within a short time. So far, neither 
stromatolites nor microfossils have been discovered in Kushtagi 
region, but bands of dolomite are present at various places in the 
belt in association with chlorite schist and BIF. As Kushtagi 
schist belt is a truncated one, it is possible that the 
stromatolitic horizon has been eroded and destroyed or preserved 
elsewhere. Although stromatolites were not observed during 
reconnaissance survey, the lithological association and tectonic 
setting indicate that a detailed search may reveal a stromatolitic 
horizon. Transitional sequences from stromatolites through 
carbonates to BIFs have been reported from Chitradurga, Shimoga 
and Sandur schist belt (Gnaneshwar Rao, 1992). This phenomena is 
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very rare in the Archaean as well as in early Proterozoic iron 
bearing basin except the Transvaal basin in South Africa (Klein 
and Beukes, 1989). This transition from stromatolitic carbonates 
to BIF is a very important constraint in the genesis of 
microfossils. In some of the greenstone belts of India, the Og 
level was high enough to allow Mn02 precipitation, which is 
associated with organic matter, stromatolites and a few bands of 
cherts containing cyanobacteria (Manikyamba and Naqvi, 1993a). 
Microfossils and pseudo-microfossils are found in Chitradurga 
schist belt (Suresh, 1982) and the 5^^C values (-16.5%. MSW) of 
the carbon present in it provide the basic data to infer the 
relationship between the deposition of BIF and biogenic activity 
(Gnaneshwar Rao and Naqvi, 1993). Stromatolitic structures have 
been recognized in BIF of Sandur schist belt (Naqvi et al., 1987), 
Michipicoten (Hofmann et al., 1991) and Transvaal region (Klein et 
al., 1987). Moreover, Morris (1993) has also argued in favour of 
widespread organic carbon productivity and photosynthetic activity 
to produce Oo, needed for the precipitation of Fe oxides and 
hydroxides. Therefore, the most probable source of ©2 needed for 
the precipitation of Kushtagi iron-formation appears to be the 
cyanobacterial/stromatolitic colony present in the shallow shelf 
region, above wave base and photic zone. 
11.3 Formation of Banding in BIF 
One of the highly debated and controversial aspects of BIF is 
the formation of the mesoband of iron and chert. In previous 
sections, it has been inferred that the source for FeO and Si02 of 
the Kushtagi iron-formation is hydrothermal exhalatives produced 
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near AMOR. The FeO and Si02 were supplied continuously in ambient 
ocean in a reducing environment. These FeO and Si02 under the 
affect of thermocline and chemocline moved towards shallow shelf 
region of the basin where O2 was being generated by photosynthetic 
activity. Iron oxides and hydroxides were formed by reaction 
between FeO and 02- As there is no apparent relation between the 
presence of free O2 and the deposition of Si02i it is possible 
that precipitation of chert was a continuous phenomena. The 
production of free O2 was episodic, which was required to react 
3 + 
with Fe . This episodic production of O2 seems to be mainly 
responsible for the formation of rhythmic iron and silica rich 
layers. However, discontinuity in supply of FeO cannot be ruled 
out. Trendall (1983) and Garrels (1987) have proposed evaporatic 
model for the formation of bands in BIF. This possibility is 
ruled out for the lack of presence of anhydrite and gypsum along 
with BIF. It is difficult to assume a restricted basin where 
hydrothermally produced FeO and Si02 were being continuously 
supplied. Morris (1993) has advocated that chert rich band was 
formed under seasonal meteorological influence by precipitation of 
silica from the surface currents, saturated with silica, whereas, 
the iron rich band precipitated from convection driven upwelling 
from MOR or hot-spot activity. This model is also not applicable 
to Kushtagi iron-formation, as, the source of iron and silica is 
the same. Both chert and CBIF have identical ZREE and Eu 
anomalies. The chert precipitated from sea water does not have 
positive Eu anomalies (Rangin et al., 1981). Therefore it is 
suggested that both iron and silica upwelled from MOR and reached 
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the shallow shelf of the basin where they got precipitated. 
Silica was precipitated due to change in the alkalinity and 
temperature of the ocean water, whereas, FeO was precipitated as 
iron-oxides and -hydroxides after reacting with photosynthetically 
produced O2• For the lack of presence of iron and/or silica 
secreting bacteria in BIFs of Kushtagi, the direct involvement of 
microorganisms for the production of iron and chert bands, as 
suggested by LaBerge (1973, 1986) and Nealson and Myers (1990) is 
not substantiated. Thus, it is possible that the precipitation of 
silica rich layers was a continuous phenomenon while the 
deposition of iron rich layers was rhythmic, dependent on the 
availability of Oo or FeO or both. Since the FeO content in the 
ocean water reservoir has been accumulated from the beginning as a 
consequence of reducing environment, it is likely that 
intermittent availability of O2 may be the main reason for the 
formation of banding in BIF. 
11.4 Palaeoenvironment of Deposition of BIF 
Geochemical studies of BIF from the Kushtagi schist belt 
indicate that FeO, Si02 and REE were provided through AMOR. The 
huge BIF deposit implies a higher amount of contribution of these 
elements into the basin. Three factors might have combined to add 
a large amount of FeO and Si02 namely (1) very high amount of 
hydrothermal flux into the basin, (2) fairly higher exit 
temperature of the hydrothermal solutions than those of the 
present to bring large amount of FeO and Si02 into solution and 
(3) higher ridge length and shorter duration of Wilson Cycle. 
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The FeO, Si02 and REE provided by hydrothermal exhalation got 
upwelled and reached the site of deposition, i.e., shelf region. 
To understand the mechanism of upwelling and transportation of 
FeO, Si02 and REE, the composition of ancient ocean has to be 
known. The present day temperature of the hydrothermal solutions 
added at MOR is estimated to be around 350°C (Campbell et al., 
1988b). Therefore, the temperature of Archaean hydrothermal 
solutions should be same or even more. Oxygen isotopic data for 
the Archaean cherts indicate a mean temperature of around 80°C for 
the ocean at that time (Costa et al., 1981). Based on these 
observations, Holland (1984) suggested that thermal upwelling of 
ocean water takes place due to temperature differences between the 
ocean water at depth and that at the continental shelf. This has 
been termed as thermocline (Jacobsen and Pimentel-Klose, 1988). 
The other major difference between the deep ocean water and that 
of shelf region is chemocline. The deep ocean is highly reducing 
whereas the shelf region is oxidizing. Thus, these thermal and 
chemical differences at two sites are responsible for 
transportation of FeO, Si02 and REE from ridge to the site of 
deposition. 
Ferric iron is virtually insoluble in the pH range of most 
natural waters (pH 3-9) and it is accepted that it is normally 
transported in the ferrous state (Fe^*, Fe(OH)'*^ ) (Morris, 1993), 
with its solubility controlled by both pH and redox conditions, as 
well as by the activities of carbonate, silicate and sulphide 
(Ewers, 1983). Although number of mechanisms for precipitation of 
2 + BIF have been proposed (Morris, 1993), oxidation of soluble Fe 
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3 + to insoluble Fe seems to be more acceptable. The solubility of 
amorphous silica in normal sea-water is independent of pH and 
unaffected by oceanic salinities (Ewers, 1983). However, it is 
presumed that the enormous quantity of SiOo present as chert in 
the Archaean BIFs can be explained, if the solubility of silica, 
at higher temperature and alkalinity, is greatly increased. The 
precipitation of silica in BIF is still being greatly debated from 
biological (LaBerge, 1986) through evaporative concentration 
(Garrels, 1987) co-precipitation with Fe^ "*" (Ewers, 1983) and 
polymerisation (Her, 1979) to supersaturation (Morris, 1993). 
The fluctuation in Kushtagi basin is indicated by the 
presence of continental derived clayey material within the SBIF 
band (Fig. 3.6B and C). This SBIF is in turn interbedded with 
CBIF. It indicates that, during transgression, CBIF was deposited 
below wave base and photic zone and during regression SBIF got 
deposited above photic zone and wave base. During transgression 
when wave base was raised up deposition of moat of the BIF has 
taken place. When regressive stage setsin, these chemical 
sediments were buried by terrigenous sediments in which dissipited 
FeO were precipitated. When terrigenous or volcaniclastic 
material reaches the relatively deeper part of the shelf, 
deposition of SBIF has taken place. Such transgressive-regressive 
cycles have been proposed to explain BIF-shale interbedding in 
other areas also (Klein and Beukes, 1989; Gnaneshwar Rao and 
Naqvi, 1993). 
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There are two possibilities for the evolution of the basin in 
which Kushtagi schist belt might has been formed (1) during early 
stage a rifted basin was formed on a fairly stable continental 
crust or (2) an oceanic basin existed between the continental 
nuclei. None of the two possibilities can be ruled out with the 
existing knowledge and data. The chlorite schist-carbonate-BIF 
sequence could have been deposited on a trailing edge margin of a 
continental crust or on a rifted and newly opening ocean basin 
margin. In view of the Nd isotopic and other data, the BIFs of 
Hamersley basin are also viewed as shelf deposits in a newly 
formed ocean, possibly of an evolving rift (Alibert and McCulloch, 
1993). 
11.5 Archaean Plate Motions and Evolution of Greenstone Belts 
Perhaps the most debatable of the implications discussed here 
is the style of plate motion during late Archaean. According to 
Abbott and Hoffman (1984), plate tectonics "have evolved over time 
due to a gradually decreasing rate of creation of lithosphere; 
meaning that Archaean tectonics and Phanerozoic tectonics are but 
two points of an evolutionary continuum". Now it is possible to 
visualize a form of plate motion - sea floor spreading, subduction 
and terrain accretion responsible for continental growth. 
Greenstone deformation was originally thought to be product of 
dominance of vertical tectonics (Anhaeusser, 1975), but recent 
work suggests horizontal shortening and thrusting in most belts 
(Abbott, 1984; Hargraves, 1986; Gnaneshwar Rao and Naqvi, 1993). 
The original depositional environment of greenstone belts is still 
disputed, and models range from entirely intraoceanic to oceanic 
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ridge-forearc basins, marginal basins, island arcs, active 
continental margins, continental platforms, and continental rifts 
(Kroner, 1991). The main reason for all these disputes is 
presence of rock types characteristic of more than one environment 
of deposition. Therefore, it is very difficult to apply a single 
model for the deposition of greenstone belts. The Earth's oldest 
known in situ crustal units, namely, Isua (Baadsgaard et al. , 
1984), Acasta (Bowring et al., 1989), Nulliak-Uivak (Collerson et 
al., 1991), Mt. Sones (Black et al., 1986) and Anshan (Liu et al. , 
1992) are all 3.8-4.0 Ga old. The only known material older than 
4.0 Ga is a sedimentary component in western Australia having an 
age of 4.2 Ga (Compston and Pidgeon, 1986). Thus, it appears that 
there is no record of the crust older than 4.0 Ga. What happened 
to this crust? It was probably destroyed by early impact and 
later erosion, and was recycled as subducted plates into the 
mantle by tectonic processes. The preservation of the Nd 
anomaly in the Isua source suggests that the crust of Haxlean time 
enriched in LREE was static, and recycling (plate tectonic 
process) did not start before ""4 Ga ago. Since then, tectonic 
processes have destroyed all but isotopic vestiges of these "lost 
terrains" of the early Earth (Harper and Jacobsen, 1992). 
Archaean sea floor production and spreading rates are 
generally believed to be high on the basis of thermal evolution of 
the Earth (Bickle, 1978; Turcott, 1980; Abbott, 1984; Abbott and 
Hoffman, 1984; Hargraves, 1986). Bulk of the high heat production 
of the early Archaean mantle is thought to have been dissipated at 
constructive plate margins via a greater role of production of 
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mafic rocks (including komatiite), as a consequence of thinner 
oceanic crust, a faster spreading rate, a greater ridge-trench 
length (Sleep and Windley, 1982; Arndt, 1983; Nisbet and Fowler, 
1983; Hargraves, 1986; Jacobsen and Pimentel-Klose, 1988; 
Gnaneshwar Rao and Naqvi, 1993; Manikyamba et al., 1993) or more 
intense hot-spot/plume activity (Fyfe, 1978). It implies that 
Archaean oceanic crust had very less resident time, was warmer and 
more buoyant than that in modern subduction zones. With passage 
of time, geotherms fell at subduction zones and as the Archaean 
oceanic crust resisted subduction, shallow subduction zones and 
accretion complexes formed by arc collisions, which led to rapid 
growths of cratons. Because of high mantle temperature, 
relatively fast mantle convection, and high rates of surface 
impact, most pre-3.5 Ga continental crust was recycled into the 
mantle (Condie, 1992). 
11.6 Tectonic Settings of Late Archaean Greenstone Belts 
The greenstone belts of India have a very large and 
widespread horizon of BIF, extensively thick sequences of 
greywacke, quartzites, conglomerate and volcanic rocks. The 
interpretation of tectonic setting from the geochemical data 
available on these belts indicate that most probably plate 
tectonic theory in modified form can be applied to these rock 
types (Fyfe, 1990; Manikyamba et al., 1993). With the variety of 
models and the explanations as available for the different set of 
greenstone belts of KN, the most important factor is presence of 
both rock types, characteristics of tensional and compressional 
regime. Understanding of this process requires the understanding 
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of heat transport process. To decipate the three times higher 
heat flow in the Archaean time, a ridge length of 27 times of 
present time is required (Hargraves, 1986). Therefore, plate 
tectonics at Archaean time would require the ridge length equal to 
27 X 50000 = 1.35 x 10 km. with a maximum age of subducting 
lithosphere at trench of ^20 Ma and an average distance from ridge 
to trench of about ~215 km (maximum ~770 km). Widespread "shallow 
subduction" in the Archaean is a tectonic style suggested by Dewey 
and Windley (1981), Sleep and Windley (1982), Abbott, (1984) and 
Abbott and Hoffman (1984) to the extent that dominant force 
driving the plates is considered to be "slab pull". It has also 
been proposed that a greater rate of accretion and subduction 
could have been achieved by faster spreading, by increasing ridge 
length (equivalent to subduction zone) or by both (Burke and Kidd, 
1978; Burke et al., 1981). Minimum relative plate motion of about 
six times faster during late Archaean than today is suggested by 
Dewey and Windley (1981). Nisbet and Fowler (1983) has assumed a 
spreading rate of 40 cm/yr. Increased ridge length will 
consequently result in increased trench length. This geometry of 
the ridge-trench length will divide the globe into a large number 
of mini plates and will create a large shelf area. The 
configuration and distribution of BIF in DC can probably be 
explained through these inferences (Gnaneshwar Rao and Naqvi, 
1993) . 
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11.7 Evolution of Late Archaean Greenstone Belts of Dharwar 
Craton; Constraints from Metavolcanics 
There is still no satisfactory model for the evolution of 
late Archaean greenstone belts of Dharwar cratont but recent work 
indicates a plate tectonic model for their evolution (Naqvi, 1985; 
Rajamani et al., 1985; Naqvi et al., 1988; Arora, 1991; 
Manikyamba, 1992; Gnaneshwar Rao and Naqvi, 1993). The greenstone 
belts consist of varying proportions of predominantly mafic, dark 
to green volcanic rocks tuffs and a variety of metasedimentary 
rocks, including banded iron formation. The volcanic sequence is 
frequently bimodal. It consists of Mg rich mafic to ultramafic 
varieties known as komatiite to komatiitic basalt and of minor 
felsic varieties generally of dacitic to rhyolitic composition. 
The komatiites probably reflect large degrees of partial melting 
in the upper mantle, from which these rocks are derived, and this 
mantle was probably 200° to 400°C hotter than it is today (Kroner 
and Layer, 1992 and ref» therein). Burke and Kidd (1980) have 
reviewed the various types of volcanic rocks and their probable 
tectonic environments. They suggest that basalt forms at 
divergent plate boundaries, tholeiitic and calc alkaline rocks, 
most characteristically andesite dominate where arcs form above 
subduction zones; highly potassic volcanics are associated with 
active continental collision. These processes along with the 
intraplate volcanism, appear to have operated at plate margins 
throughout most of the Earth's history (Burke and Kidd, 1980) and 
the rate and type of magmatism in constructive and destructive 
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plate margins and in intraplate environment differ considerably 
(Wilson, 1989). 
Detailed geochemical studies carried out on the metavolcanic 
rocks of Chitradurga, Kudremukh, Bababudan, Kolar, Shimoga, Sandur 
and other greenstone belts indicate that all these belts have 
metavolcanic suites which are characteristic of continental intra 
plate, constructive margins and destructive plate margins 
(Manikyamba and Naqvi, 1993b; Gnaneshwar Rao and Naqvi, 1993). In 
initial stages of rifting, within plate type of magmatism (basalts 
of tholeiitic affinites) occurred which was succeeded by 
emplacement of basalt and other rock types of MOR and finally 
during compression, volcanism characteristic of destructive plate 
margins took place (Manikyamba and Naqvi, 1993b). Naqvi (1985) 
has demonstrated this variation from within plate volcanism to 
active plate margin volcanism through a MOR stage in case of 
Chitradurga schist belt. Similar observation has been made by 
Rajamani (1990) in the Kolar schist belt. Bababudan, Kudremukh 
and Sandur bimodal volcanics believed to be equivalent to those of 
Kushtagi schist belt show similar characteristics of WPB, MOR and 
OIA (Bhaskar Rao and Naqvi, 1978; Drury, 1981, 1983; Arora, 1991; 
Manikyamba and Naqvi, 1993b). Geochemistry of metavolcanic rocks 
from Kushtagi schist belt has already been discussed in Chapter X. 
Presence of ultramafic to mafic and rhyodacitic volcanics in the 
belt indicate compositional characteristic of lAT to MORB. 
Presence of basalts similar to those of MORB requires the 
spreading ridge in the region and the presence of basalts of lAT 
characteristic and rhyodacites indicate partial melting of the 
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subducting lithosphere. Most probably the basalt formed at MOR 
got subducted and gave rise to basalt and rhyodacites of lAT 
affinity after partial melting and fractional crystallization. 
11.8 Proposed Model for the Genesis of BIF and Evolution of 
Kushtagi Schist Belt 
Similar studies have been carried out on the origin and 
evolution of the BIFs present in various Precambrian basins. 
Simonson (1985) has given a set of sedimentological constraints on 
the origin of iron formations and suggested that (a) iron 
formation were deposited in marine environments, which were highly 
variable but exclusively or largely subtidal, (b) surface waters 
were sufficiently oxidizing to preclude transportation of ferrous 
iron in true solution, (c) the source of iron and silica was 
located to basinward of the depositional environment, and (d) BIF 
deposition was superimposed on existing physical environments. 
According to Simonson (1985) most BIFs described in the 
literature appear to have characteristics that are compatible with 
these constraints, although some of the iron-formations of the 
Transvaal Basin of South Africa are notable exceptions. 
Beukes and Klein (1990) have suggested a model for the BIF of 
Transvaal basin on the basis of local characteristics and field 
association. In this model an interaction between, (a) near-shore 
water column for which the physico-chemical characteristics are 
largely determined by primary organic activity, and (b) open 
marine system in which the deep water incorporates an hydrothermal 
input. In this model the importance of interaction between oxygen 
and carbon supply has been stressed, which occurred in the 
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shallower mixed surface water. Oxygen was supplied from 
atmosphere and carbon from benthic organisms. FeO and Si02 are 
envisaged to be supplied from deeper water by hydrothermal source. 
In contrast, the surface waters (upto a depth of about 100m) must 
have been essentially devoid of iron in solution. The rate of 
supply of oxygen and carbon to the interface between the surface 
and the deeper waters was probably responsible for the various 
types of iron-formation. In Fig. 11.3A, they depict a regressive 
stage with an abundant supply of carbon to the zone of mixing 
above the chemocline. The depth of thermocline is arbitrarily set 
at 100 m (Fig. 11.3A and B) since this is the depth of mixing in 
the present day oceans. In Fig. 11.3B, the photic zone reaches 
down to the floor of the deep shelf. This is the region of 
precipitation of the cryptalgal-limestones for which the depth 
limit may have been about 45 to 50 m (Klein et al., 1987). In 
this regressive stage of Klein and Beukes (1989) model, 
considerable precipitation of pyrite is expected. However, as 
pointed out by Cameron (1982) and Melezhik (1987) if the early 
Proterozoic ocean SO^ content were low and/of if SO4 reducing 
bateria were not abundantly present, a source of H2S might not 
2 + have been available for pyrite precipitation. Instead, Fe in 
solution might . have precipitated as silicates which were 
subsequently converted to Fe-rich chlorites found in many of the 
shales of Transvaal basin and also in western part of Sandur 
schist belt (Manikyamba, 1992). In Fig. 11.SB they have 
illustrated a transgressive stage in which the supply of carbon to 
the interface was much reduced, such that O2 became available. 
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Figure 11.3 Schematic depositional enviromnent for 
iron-formation deposition and that of associated 
lithofacies in a marine system with a stratified 
water column in (A) a regressive stage and in (B) a 
transgressive stage are shown. (A) The photic zone 
reaches the floor of the deep shelf, allowing for 
cryptalgalaminated limestone deposition. (B) The 
photic zone is considerably above the floor of the 
deep shelf, causing the deposition of various iron 
formation facies and chert. The thick arrow 
labelled C (carbon) in (A), represent high carbon 
productivity and supply, and the narrow arrow in 
(B), represent much less carbon productivity and 
supply. The vertical depth scale is based upon the 
basinal reconstruction of Klein et al., 1987 (after 
Klein and Beukes, 1989). 
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Here the photic zone does not reach the bottom and is shifted 
landward and the input of siliciclastic material is less. This 
would have resulted in oxic conditions and the deposition of 
hematite and magnetite rich iron-formation, as there was little or 
nothing in the water column to reduce the primary Fe-oxides and-
hydroxides. When, on the other hand O2 was in short supply at the 
2 + 
water interface (chemocline) and some carbon was available, Fe 
and CO2 would have been built upto saturation levels, resulting in 
the primary precipitation of FeCOo instead of FeS2. The various 
types of iron formation probably resulted from variations in the 
supply of oxygen to the chemocline and may not reflect 
realistically the changes in water depth. As such variations in 
carbon productivity and the concomitant oxygen supply may well 
have resulted in siderite rich iron formation in one locale and 
oxide rich formation in another, but both appear to have formed at 
essentially similar water depths. 
Jacobsen and Pimentel-Klose (1988) envisage that the Archaean 
oceans like the present, are represented by a three-layer model 
(Fig. 11.4) incorporating (a) a surface layer, (b) the thermocline 
and (c) deep water. The strong hydrothermal component in the BIFs 
indicated by Nd isotope data, is reflective of hydrothermal 
activity along the Archaean Mid Ocean Ridge Systems, with the 
deeper waters having the largest hydrothermal component. Through 
upwelling under the affect of thermocline and chemocline these 
solutions moved towards the shallow shelf region resulting in 
deposition of Lake Superior type BIF and if they moved towards the 
island arcs, Algoma type BIF got deposited. In this model, it is 
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Figure 11.4 Model for BIF deposition. Deep water enriched in 
Fe^ from hydrothermal sources moves up onto a shal-
low shelf and precipitates Fe and Si as a result of 
oxidation and evaporation. Algoma type BIFs are 
deposited in shallow waters surrounding island arcs 
while Lake Superior type BIFs are deposited on 
Atlantic type continental shelves (Jacobsen and 
Pimentel-Klose, 1988 ) . 
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assumed that the Og level during late Archaean was sufficient to 
generate an oxygenated surface water. Their (ibid) argument is 
substantiated by the evidence from the widespread occurrence of 
stromatolites (Hofmann et al., 1991), microbiota and isotopic 
information (Goodwin et al., 1985). Becuase of the large 
+ 3 quantities of Fe in BIFs, it is necessary to have an oxidizing 
agent to precipitate Fe " as Fe '^. One possibility is the 
dissolved photosynthetic oxygen produced by micro organisms near 
+ 2 the surface waters. In upwelling regions, the Fe rich deeper 
waters would mix with the oxygenated surface waters. In such a 
2 + 
scenario, different portions of the reducing Fe rich deep ocean 
waters characterised by positive ENrKT) are mixed in upwelling 
zones with oxidising water. Consequently, since much of the Nd in 
BIFs appears to be of hydrothermal origin, essentially all of the 
Fe in BIFs must be of hydrothermal origin. In contrat to the 
models of Drever (1974) and Holland (1984) in which Fe^ "*" is 
thought to be produced as a porewater flux from reduced oceanic 
sediments, Jacobsen and Pimentel-Klose (1988) believe that most of 
the Fe in BIF is of hydrothermal origin. This is in agreement 
with the proposal of Veizer et al. (1982) stating that the 
Archaean oceans were buffered to a large extent by hydrothermal 
circulation. Since clastic sediments have a continental ej^ j^ 
signature (<0), these sediments cannot be the major source of Nd, 
Fe and Si02 present in the BIFs. 
Morris (1993) has proposed that iron and silica in the oxide 
facies BIF can be accommodated by the interaction of two major 
oceanic supply systems : (1) surface currents and (2) convective 
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upwelling from mid-oceanic ridge (MOR) or hot-spot activity, both 
modified by varied input of pyroclastic material. (1) The surface 
currents were saturated in silica and carried minimal iron due to 
photic precipitation, but were periodically recharged by storm 
mixing. Precipitation from them gave rise to the banded 
chert-rich horizons, including the varves, whose regular and 
finely laminated iron/silica distribution resulted from seasonal 
meteorological influences. (2) Precipitation from convection 
driven upwelling of high iron solutions from MOR or hot-spot 
activity periodically overwhelmed the delicate seasonal patterns 
to produce the iron-dominated mesobands. During these periods of 
oxide-dominated BIF, silica was deposited from saturated solution 
mainly by evaporative concentration, and iron by oxidation due to 
protolysis and phtosynthetically produced oxygen. 
Meteorological and depositional conditions were modified by 
varying effect of fine aluminous ash from volcanic sources. 
During volcanic periods, the normally high capacity of sunlight to 
precipitate ferric iron directly by photolytic oxidation of 
ferrous iron, and by photosynthetic production of oxygen, was 
modified by turbidity in the atmosphere (aerosols and dust) and in 
the water (colloids from reactive ash). Surface-precipitated 
ferric hydroxide redissolved in the presence of decaying organic 
matter in the sub-photic zone, augmenting the iron content of the 
zone. Precursor ferrous carbonates and silicates were 
precipitated when the iron concentration of this sub-photic zone 
exceeded their respective solubilities. During volcanism, the 
increased availability of nutrients, particularly phosphorous, to 
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surface waters increased the organic contribution despite lower 
light values, leading to an almost total absence of ferric iron 
oxides. Cooling to warm, silica-saturated sea-water during the 
periods of "volcanic winter" increased the ratio of precipitation 
of silica to iron, which however, was still controlled by seasonal 
conditions. Intermediate concentrations of organic matter, 
insufficient to totally convert the ferric compounds either during 
precipitation or diagenesis, resulted in overgrowths of magnetite 
on hematite, and eventually in the substantial conversion of 
hematite to magentite, where higher temperatures were achieved 
during low-grade regional metamorphism. 
A model is proposed for the genesis of BIF and evolution of 
Kushtagi schist belt, based on the data of the present work and 
the available information on various other belts. It is envisaged 
that the presence of BIF in this belt represents a stage where 
volcanism and hydrothermal activity along the Archaean Mid Oceanic 
Ridge was predominant in the region. A graphical hypothetical 
model for the origin and evolution of BIF of Kushtagi schist belt 
is shown in Fig. 11.5. It is emphasized that Kushtagi schist belt 
is a truncated part of the original belt. All components of a 
greenstone belt as present in Chitradurga and Sandur schist belts 
are not present, as a large part has been destroyed and 
dismembered by the early Proterozoic acid magmatism. Therefore, 
some of the assumed characteristics of the model are not 
discovered in the field as yet. Iron and silica-rich hydrothermal 
solutions, ultramafics of komatiitic affinity and high Mg-basalts 
were provided by MOR. The ocean was compositionally layered both 
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Figure 11.5 Schematic cross-section of the proposed model 
depicting the deposition of BIF and associated 
rocks in the Kushtagi basin. (A) Show the 
hydrothermal activity at MOR, stratified water 
column, suspected and assumed stromatolites and the 
zones of BIF deposition and photosynthetic 
production of 02- (B) Show the closing of Kushtagi 
basin, marked by dacitic volcanism. Thickness for 
the supracrustal rocks are exaggerated to depict 
the observed associations. Thickness of the 
lithosphere reduces and represents only the 
conceptual aspect. 
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vertically and horizontally in respect of O^ and 009. The ocean 
was reducing but the shore-lines where the stromatolites (?) were 
producing O2 through photosynthesis was oxidizing. The FeO and 
SiOg were added at MOR in a reducing environment. These FeO and 
Si02 under the affect of thermocline and chemocline upwelled and 
reached the shallow shelf region of the basin. FeO combined with 
O2 and precipitated in the form of iron-oxides and -hydroxides 
below wave base and photic zone and thus gave rise to the oxide 
facies BIF of the Kushtagi schist belt. In addition to 
contribution from hydrothermal source, detrital fine grained 
sedimentation in the basin gave rise to the observed variability 
in the composition. Since the endogenic and exogenic processes 
were rapid and vigorous during the Archaean time, continuous 
generation and inflow of terrigenous material to the basin from a 
juvenile crust of the proto-continent was prevalent. During 
transgression when wave base is raised up, deposition of most of 
the BIF takes place. When regressive stage setsin these chemical 
sediments are buried by tterrigenous sediments in which dissipited 
FeO are precipitated. When terrigenous or volcaniclastic material 
reaches the relatively deeper part of the shelf, deposition of 
SBIF takes place. 
With the smaller size of the plates and a predominantly 
reducing environment in the oceans coupled with the shorter 
distance between the hydrothermal vents and the shallow shelves 
being prevalent, it does not appear to be a major problem for 
transportation of FeO from the vent site through a thermocline and 
chemocline to the shallower shelf region where O2 was being 
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photosynthetically produced. With an increasing ridge length and 
faster construction as well as destruction of the then ocean 
floor, the hydrothermal exhalative hypothesis is capable of 
explaining most of the characteristics observed in the oxide 
facies BIF of the Kushtagi schist belt. 
The presence of ultramafic rocks of komatiitic affinity in 
patches at a few places in the Kushtagi belt along with a broad 
band of pillow basalts and chemical sediments could possibly 
indicate the presence of ophiolite sequence in this belt. 
Portions of some Archaean greenstone sequences have recently been 
described as possible ophiolites (Naqvi, 1985; Helmstaedt et al., 
1986; de Wit et al., 1987; Rajamani, 1990). Interpreted as 
fragments of ancient oceanic lithosphere, ophiolites have become a 
"standard part of the plate tectonic paradigm" (Coleman, 1977). 
Their widespread occurrence in Phanerozoic mountain belts is 
regarded as evidence that the Wilson cycle, involving the opening 
and closing of ocean basins (Wilson, 1968), has operated in 
geological past. Because well preserved ophiolites are rare in 
the Archaean, no consensus on the role of plate tecotnics in the 
evolution of Archaean crust has emerged (Helmstaedt et al., 1986). 
However, Burke et al. (1976) have suggested that dismembered 
ophiolites should exist in Archaean greenstone belts. 
In Kushtagi schist belt the ultramafic rocks of komatiitic 
affinity, pillow basalts and rhyodacites are not genetically 
related with each other. However, the low Mg-basalt and 
rhyodacite may be oogenetic, formed by partial melting and 
fractional crystallization of high Mg-oceanic crust. All these 
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features along with the presence of chemical sediments indicate 
that the Kushtagi schist belt may represent a possible ophiolite 
zone. 
Based on the field evidences present in Kushtagi schist belt 
and several geocheraical evidences presented in previous chapters, 
a tectonic model suggesting a faster completion of Wilson Cycle, 
is proposed. The whole spectrum of tectonic activity starting 
from opening to closing of the basin is responsible for the 
evolution of Kushtagi schist belt in general and deposition of BIF 
in particular. In this model it is envisaged that chlorite 
schist-carbonate-BIF and high Mg-basalt represent the AMOR 
associated volcanism and hydrothermal activity, whereas the 
closing stage of the basin is represented by low Mg-basalt and 
rhyodacite. Multiple compressive deformation of the belt has 
brought rocks of different setting juxtaposed. Since Kushtagi 
schist belt is only a truncated arm of a greenstone belt, all the 
components of the belt and part of this proposed and speculative 
model are not preserved. However, the remnants preserved in the 
belt strongly favour this model. 
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CHAPTER - XII 
SUMMARY AND CONCLUSIONS 
BIFs (Banded Iron Formations) are the most important and 
significant rock suites of Precambrian terrains and are mainly 
confined to the early and middle Precambrian era. Their origin, 
confinement in time-space and environment of deposition are not 
clearly understood as yet. In these rocks, enormous amount of Fe 
and Si have been chemically precipitated in the form of rhythmic 
layers of varying dimensions within 600 million years of early 
history of the Earth. The source of Fe and Si as well as oxygen in 
these iron formations is debated. The nature of the process!es) by 
which these Fe-rhythmites have developed is still speculated. A 
relation between the BIF and the biogeochemical processes has been 
proposed by several workers during last few years. Change from 
anoxic to an oxygenated atmosphere is reflected by the 
distribution of BIFs and red beds. 
In India, occurrence of BIF is confined to the late Archaean 
greenstone belts (2.9-2.6 Ga) whereas Proterozoic sedimentary 
basins/mobile belts are completely devoid of these interesting and 
enigmatic rock types. In the DC (Dharwar Craton) of India, BIFs 
are found in three associations namely (1) with 
quartzites-shales-volcanics (Bababudan, Kudremukh, Kushtagi 
belts), (2) with quartzites-carbonatic stromatolites-
Mn-formations-shales-volcanics (Sandur, Chitradurga, Shimoga 
belts) and (3) with greywackes-acid- intermediate volcanics, a 
deep water facies (Chitradurga, Sandur, Shimoga belts). The 
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genesis, depositional environment and tectonic setting of these 
BIFs of different rock assemblages is not understood. Keeping 
these aspects and other exciting but unresolved questions 
regarding the origin of BIF in view, a detailed geochemical study 
of the BIF of Kushtagi schist belt was taken up. This belt was 
chosen as it is one of the least metamorphosed belts of DC where 
the original mineralogy of the BIFs is presumed to be better 
preserved. The main objective of this work is to understsand the 
genesis of the BIF of Kushtagi schist belt and its bearing on the 
Archaean depositional environment and tectonic processes. With 
these objectives, detailed geological and geochemical studies on 
the BIFs and associated volcanic rocks have been carried out and 
the results of these studies are presented in this thesis. 
Based on their AI2O3 content the Banded Iron Formation of 
Kushtagi schist belt are classified into two type namely cherty 
and shaly BIFs. They are found in association with shallow shelf 
and platformal chloritic shale-carbonate-volcanic rock 
assemblages. They are mostly of oxide fades. At several places, 
oxide facies BIF bands are hosted in pillowed and spherulitic 
volcanic rocks of basaltic composition. In these oxide facies BIF, 
interbedded SBIF and shales of thickness varying from a few cm to 
a few meters are present. The strata have been folded and deformed 
by atleast three phases of deformation. Isoclinal, recumbent and 
tight of first as well as second generation are commonly well 
exhibited by these BIFs. 
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About 200 samples of the cherty and shaly BIFs and the 
associated volcanic rocks were collected from working mines. 
Special care was taken to collect relatively unweathered samples 
from freshly blasted surfaces of the mines. Thin section and ore 
microscopic studies were carried out for characterizing various 
mineral phases present. Composition of the minerals was determined 
with the help of an Electron Probe Micro Analyser. Major, trace 
and rare earth element analysis for about 42 elements in each 
sample, was carried out with the help of XRF and ICP-MS using 
international standard reference materials. Oxygen isotopic 
estimation by using the SIMS were carried out on the 
hematite-chert pairs. 
Mineralogy of these BIFs is simple as they are metamorphosed 
to lower grade of greenschist fades only. Many layers of BIF have 
just undergone diagenesis. The interbeddded clays have not been 
recrystallized and the detrital micas are preserved. The 
interbedded shaly BIF in addition to hematite and chert contains 
kaolinite and muscovite. Shales also exhibit similar mineralogy. 
The oxide facies cherty and shaly BIFs show large scale 
compositional varitions as reflected by their major and trace 
elemental abundance. Oxide facies BIF samples exhibit a large 
scatter in the FeoOo-SiOQ molar ratio, which is mainly dependent 
on the relative thickness of the hematite rich bands in the 
samples analysed. Primarily, the pure oxide facies BIFs which are 
constituted by Fe203 and SiO^i exhibit a distinct linear 
antipathetic relationship between the two components. They are 
extremely depleted in AI2O3, Ti02» Zr, Hf and other trace elements 
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like Cr, Ni, Co, Rb, Sr, V, Y and REE. MnO content of these rocks 
is generally less than 0.01% indicating that effective Fe-Mn 
fractionation had taken place in this zone as the Eh values had 
not reached such a level where Mn could be precipitated while the 
oxide facies BIFs were deposited. Extremely depleted 2REE, 
positive Eu anomalies and HREE enrichment are distinctive and 
essential features of these pure oxide facies BIF. Negative Ce 
anomalies are seen in a few samples of SBIF which indicate the 
oxidation of Ce to Ce and hence its separation from the 
system. Depletion in REE in proportion to the abundance levels of 
Co, Cu and Ni and the observed Eu anomaly strongly indicates that 
the source of FeO, and Si02 for these BIFs was the hydrothermal 
solutions released at the AMOR vent sites. FeO and Ce present in 
these solutions were oxidized by photsynthetically generated 
oxygen produced by the blue-green algae present at the shallow 
shelf regions. This oxygen, through ocean circulation, was 
dissolved in the ocean waters and reached below the wave base and 
photic zone, where due to a thermocline and chemocline effect, 
FeO was transported and reacted with this oxygen to produce the 
Fe-rhythmites. The aftband and mesobands of Fe-rich layers were 
produced due to the intermittent (seasonal) availability of either 
oxygen and/or FeO. 
The 6 0 values of coexisting silica and hematite in the CBIF 
of Kushtagi schist belt give a temperature range between 71.4° and 
165.2°C. It indicates that samples have undergone diagenetic 
alteration and metamorphism of lower greenschist facies which is 
corroborated by field observation as well as petrographic study. 
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SBIF interbedded with the oxide facies CBIF show entirely 
different geochemical characters as a result of modification by 
detrital processes. Both terrigenous and volcaniclastic processes 
have exerted control on the composition of the SBIF, in addition 
to chemical precipitation. SBIF have been deposited as a result of 
change in the physico-chemical conditions of the watermass at two 
different times, namely the time of deposition of oxide facies 
CBIF and the time of deposition of SBIF. Large variation is 
observed in most of the elements, all trace elements (including 
REE) are relatively high in these rock types. The 
magnitude of Eu anomalies show variation. The signatures of 
hydrothermal processes are modified by those of the clastic 
processes. 
The volcanic rocks of the Kushtagi schist belt are of 
basaltic and rhyodacitic types. Basalts can be subdivided into 
high and low MgO types. High MgO basalts show geochemical 
characters resembling to those of MORE. The dacitic rocks are 
characterized by geochemical parameters of the island arc 
volcanics. REE patterns of these two types are distinct from each 
other. High Mg basalts are depleted in REE with almost flat 
patterns. Dacites show differentiated patterns with slight 
negative Eu anomalies in some samples. It is proposed that the 
partial melting of the MORB has given rise to the rhyodacitic 
rocks. The melting is suggested to have taken place when the 
tensional regime was converted to compressional regime. 
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REE and other geochemical characteristics of the BIF indicate 
that FeO and Si02 of the BIFs was added to ambient Archaean ocean 
at the AMOR. The Nd isotopic data from elsewhere has demonstrated 
that the main source of FeO of BIF is the hydrothermal and 
fumarolic activity at the vent sites on the MORB. Therefore 
existance of a MOR is evidenced by the REE patterns of the BIFs 
and Eu anomalies. This inference is further substantiated by 
interlayering of BIFs with the high Mg basalt which have 
geochemical parameters resembling with that of MORB. Subsquent 
deposition of sediments and volcanism related with the active 
plate margins and deformational patterns of greenstone belts 
indicate that the closure of the basins of greenstone belts as a 
whole and Kushtagi schist belt in particular is a subduction 
related phenomenon. The basin was probably initiated by opening of 
a rift. Spreading along a newly formed ocean along this rift-AMOR 
widened the basin. Hydrothermal solutions at this AMOR enriched 
the ocean water in FeO and Si02 moved towards the trailing edge 
due to thermal and chemical differences. The encounter of these 
solutions with oxygen, produced by photosynthesis, caused 
precipitation of oxides and hydroxides of iron below wave base and 
photic zone. FeO was precipitated to the extent of the 
availability of O2• Rest of it remained within the ocean 
reservoir. When again oxygen become available it was precipitated 
and layered with the rhyodacitic subduction related volcanic and 
sedimentary rocks. 
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Thus the studies presented in previous pages help to identify 
two stages of the tectonic setting through which the BIF and 
greenstone belts were formed. First stage was an opening and 
spreading of ocean, where extensive volcanism and hydrothermal 
fumarolic activity added large amount of FeO and SiOo to the ocean 
waters. The exit temperature of these hydrothermal water was 
probably very high so that higher quantity of FeO was dissolved. 
To explain the enormous quantity of Fe present in BIFs it is 
essential to assume that hydrothermal flux itself was very high at 
that time. Therefore large quantity of hydrothermal waters with 
higher amount of dissolved FeO was added to the Archaean oceans. 
To dissipate the higher heat flow of Archaean era a larger ridge 
length, faster creation and destruction of oceanic lithosphere is 
essential. Thus the combination of higher hydrothermal flux, its 
high exit temperature, larger ridge length and faster completion 
of Wilson Cycle explain not only the source of the constituents of 
BIF but also the tectonic setting and lithological assemblages of 
greenstone belts. The second stage was due to change in the 
direction of convection current. This resulted in the conversion 
of the basin area from a spreading basin to a converging margin. 
At this time the turbidites and rhyodacites were formed. 
The supply of the O2 for the precipitation of ferrous iron to 
ferric state is not directly demonstrated by the field occurrence 
of stromatolite or the microbiota, as has been shown in case of 
Chitradurga and Sandur belts. However, there are significant bands 
of carbonate present in the viscinity of BIF which may contain 
stromatolites as some of them appear to be stratifera type but 
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convincing forms and morphologies have not been discovered as yet. 
This process of biogenic suply of O2 is very much evidenced in the 
other greenstone belts of the DC and since Kushtagi schist belt 
is only a truncated arm of the original belt, it can be safely 
assumed that similar biogenic process might have supplied Oo for 
the BIF precipitation in the Kushtagi schist belt also. The 
banding of BIF is also related with the availability of OQ• 
Seasonal variations in the rainfall and the suply of the clastic 
debris to the ocean margin where biogenic activity was taking 
place has affected the growth of bacteria and production of 02. 
During high rainfall, larger quantity of clastic debris was 
brought to the margin which hurried the algae and hence the 
organism and oxygen productivity was reduced. During this period, 
only silica precipitation continued and very little 
ferric-hydroxide was deposited. When rain fall reduced, the 
bacteria/algae emerged above the sedimentary layer, received more 
sunlight and produced more oxygen, which reacted with FeO and 
hence iron rich layers were deposited. The production of oxygen at 
the shallow shelf has created a partially layered ocean water 
mass. At depth and away from the margin the ocean water had higher 
amount of dissolved COo• Primary prcipitation and/or diagenic 
reaction between Fe203 and organic matter (degradation of organic 
carbon) resulted in the formation of interstitial siderite. It is 
proposed that formation of BIF is not a simple chemical process. 
Instead it is a result of combination of (1) hydrothermal 
activity, (2) terrigenous and volcaniclastic sedimentation (3) 
biogeochemical processes, (4) chemical precipitation and 
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diagenetic reactions and (5) the physico-chemical conditions 
prevailing at the vent sites and depositional shelf. Mini plate 
model and faster completion of Wilson Cycle with shorter distance 
between the constructive and destructive margins, and the 
conversion of constructive margins to the destructive one are able 
to explain most of the above mentioned processes and the 
observations. The studies on the BIF and volcanic rocks of the 
Kushtagi schist belt lead to the following conclusions. 
1. Iron, silica and the REE of the BIF were mainly provided by 
the hydrothermal solutions emplaced at the vent sites of the 
Archaean Mid Oceanic Ridges (AMOR). These hydrothermal solutions 
enriched in iron and silica were subsequently mixed with the 
ambient sea water. It is proposed that the hydrothermal flux of 
higher exit temperature was quite significantly elevated during 
Archaean. This higher quantity of hydrothermal flux was able to 
bring large quantity of dissolved FeO and SIO2 to the ocean 
water. 
2. Due to thermal and chemical potential differences and 
upwelling, this iron and silica enriched ocean water was 
transported to the site of deposition in the shallow shelf region 
where it reacted with oxygen resulting in the precipitation of 
iron oxide and hydroxide. Oxygen was most probably generated 
photosynthetically. 
3. On burial these oxides and hydroxides reacted with organic 
carbon of the bacteria and most probably the Fe-carbonates were 
produced by this diagenetic reaction. It is also possible that 
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some of the Fe-carbonates were directly precipitated by reaction 
with atmospheric CO2 dissolved in the ocean water. 
4. Oxide facies BIFs were deposited below the wave base and 
photic zone at the shallow shelf regions of low organic 
productivity. 
5. During the deposition of BIF, terrigenous and volcaniclastic 
sedimentation also took place resulting in compositional variation 
in cherts, CBIF to SBIF and the shales. Deposition of the BIF of 
oxide facies is dependent on the supply of O2. CO2 and C to 
various parts of the basin and on the compositional layering of 
the ocean with respect to the dissolved quantity of O2 and CO2• 
6. Petrological and geochemical data suggest that the BIF 
sequence in the Kushtagi schist belt is formed by an interaction 
of hydrothermal, biogenic-photosynthetic and sedimentary processes 
in a compositionally layered ocean. 
7. The banding of BIF is probably a result of seasonal changes 
in the availability of O2 and/or FeO. 
8. A Mini plate model with shorter duration of the completion of 
Wilson Cycle, large ridge length, higher rate of generation and 
consumption of oceanic lithosphere is able to explain most of the 
observed facts of BIF and the greenstone belts. 
9. Late Archaean greenstone belts were initiated as a MOR 
related basins and were closed as subduction related active 
margins. 
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ABSTRACrr 
Banded Iron Formations (BIFs) are the most important and 
significant rock suites of Precambrian terrains and are mainly 
confined to the early and middle Precambrian era. Their origin, 
confinement in time and space and environment of deposition are 
not clearly understood as yet. In these rocks, enormous amount of 
FeO and Si02 have been chemically precipitated in the form of 
rhythmic layers of varying dimensions within 600 million years 
of early history of the Earth. The source of FeO and Si02 as well 
as in these iron formations is debated. The nature of the 
process(es) by which these Fe-rhythmites have developed is still 
speculated. A relation between the BIF and the biogeochemical 
processes has been proposed by several workers during last few 
years. Change from anoxic to an oxygenated atmosphere is 
reflected by the distribution of BIFs and red beds. 
In India, occurrence of BIF is confined to the late Archaean 
greenstone belts (2.9-2.6 Ga) whereas Proterozoic sedimentary 
basins/mobile belts are completely devoid of these interesting and 
enigmatic rock types. In the Dharwar Craton (DC) of India, BIFs 
are found in three associations namely (1) with 
quartzites-shales-volcanics (Bababudan, Kudremukh, Kushtagi 
belts), (2) with quartzites-carbonatic stromatolites-Mn-formations 
shales-volcanics (Sandur, Chitradurga, Shimoga belts) and (3) 
with greywackes-acid-intermediate volcanics, a deep water 
facies (Chitradurga, Sandur, Shimoga belts). The genesis, 
depositional environment and tectonic setting of these BIFs of 
different rock assemblages is not understood. Keeping these 
aspects and other exciting but unresolved questions 
regarding the origin of BIF in view, a detailed geochemical study 
of the BIF of Kushtagi schist belt was taken up. Kushtagi schist 
belt is located in the northern part of the KN. This belt has been 
referrred as Hungund schist belt in goelogical literature. The 
field investigation of the belt suggests that this belt is a 
remnant of some Archaean erogenic belt. Part of the original belt 
is present as an enclave within gneisses and has been intruded by 
granites. The BIFs present in the belt directly overlie the 
metavolcanics. It is bounded on either side by the Closepet 
Granite and on SE part of eastern flank by Peninsular Gneiss 
Complex. The northwestern tip of the belt is covered by the 
sediments of Kaladgi Group. The oxide facies BIF present in the NW 
tip of the belt, once blanketed by the Kaladgi, now stands exposed 
after the erosion and subsequent removal of the cover of Kaladgi 
sediments. The BIFs are associated with basic and acidic 
metavolcanics; in the mining area, they are absolutely fresh. 
Therefore this belt was chosen as it is one of the least 
metamorphosed belts of DC where the original mineralogy of the 
BIFs is presumed to be better preserved. The main objective of 
this work is to understand the genesis of the BIF of Kushtagi 
schist belt and its bearing on the Archaean depositional 
environment and tectonic processes. With these objectives, 
detailed geological and geochemical studies on the BIF and 
associated volcanic rocks have been carried out and the results of 
these studies are presented in this thesis. 
Based on their AI2O3 content the Banded Iron Formation of 
Kushtagi schist belt are classified into two type namely Cherty 
Banded Iron Formation (CBIF) and Shaly Banded Iron Formation 
(SBIF). They are found in association with shallow shelf and 
platformal chloritic shale-carbonate-volcanic rock 
assemblages. They are mostly of oxide facies. At several places, 
oxide facies BIF bands are hosted in pillowed and spherulitic 
volcanic rocks of basaltic composition. In these oxide facies BIF, 
interbedded SBIF and shales of thickness varying from a few cm to 
a few meters are present. The strata have been folded and deformed 
by atleast three phases of deformation. Isoclinal, recumbent and 
tight of first as well as second generation are commonly well 
exhibited by these BIFs. 
About 200 samples of the cherty and shaly BIFs and the 
associated volcanic rocks were collected from working mines. 
Special care was taken to collect relatively unweathered samples 
from freshly blasted surfaces of the mines. Thin section and ore 
microscopic studies were carried out for characterizing various 
mineral phases present. Composition of the minerals was determined 
with the help of an Electron Probe Micro Analyser. Major, trace 
and rare earth element analysis for about 42 elements in each 
sample, was carried out with the help of XRF and ICP-MS using 
international standard reference materials. Oxygen isotopic 
estimation by using the VG Mass Spectrometer were carried 
out on the hematite-chert pairs. 
Mineralogy of these BIFs is simple as they are metamorphosed 
to lower grade of greenschist facies only. Many layers of BIF have 
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just undergone diagenesis. The interbeddded clays have not been 
recrystal1ized and the detrital micas are preserved. The 
interbedded SBIF in addition to hematite and chert contains 
kaolinite and muscovite. Shales also exhibit similar mineralogy. 
The oxide facies cherty and shaly BIFs show large 
scale compositional variations as reflected by their major and 
trace elemental abundance. Oxide facies BIF samples exhibit a 
large scatter in the FejOj-SiO, molar ratio, which is mainly 
dependent on the relative thickness of the hematite rich bands 
in the samples analysed. Primarily, the pure oxide facies BIFs 
which are constituted by Fe203 and Si02, exhibit a distinct 
linear antipathetic relationship between the two components. 
They are extremely depleted in AI2O3, TiO,, Zr, Hf and other trace 
elements like Cr, Ni, Co, Rb, Sr, V, Y and REE. MnO content of 
these rocks is generally less than 0.01% indicating that 
effective Fe-Mn fractionation had taken place in this zone as 
the Eh values had not reached such a level where Mn could be 
precipitated while the oxide facies BIFs were deposited. 
Extremely depleted SREE, positive Eu anomalies and HREE 
enrichment are distinctive and essential features of these pure 
oxide facies BIF. Negative Ce anomalies are seen in a few 
samples of SBIF which indicate the oxidation of Ce^ ^ to Ce*^  and 
hence its separation from the system. Depletion in REE in 
proportion to the abundance levels of Co, Cu and Ni and the 
observed Eu anomaly strongly indicates that the source of FeO, 
and Si02 for these BIFs was the hydrothermal solutions released 
at the AMOR vent sites. FeO and Ce present in these solutions 
were oxidized by photsynthetically generated 0, produced by 
the blue-green algae present at the shallow shelf regions. This 
0-1, through ocean circulation, was dissolved in the ocean 
waters and reached below the wave base and photic zone, where due 
to a thermocline and chemocline effect, FeO was transported, 
and reacted with this O2 to produce the Fe-rhythmi tes. The 
aftband and mesobands of Fe-rich layers were produced due to the 
intermittent (seasonal) availability of either oxygen and/or FeO. 
The 6^ °0 values of coexisting silica and hematite in the CBIF 
of Kushtagi schist belt give a temperature range between 71.4° and 
165.2°C. It indicates that samples have undergone diagenetic 
alteration and metamorphism of lower greenschist facies which is 
corroborated by field observation as well as petrographic study. 
SBIF interbedded with the CBIF show entirely different 
geochemical characters as a result of modification by detrital 
processes. Both terrigenous and volcaniclastic processes have 
exerted control on the composition of the SBIF, in addition to 
chemical precipitation. SBIF have been deposited as a result of 
change in the physico-chemical conditions of the watermass at two 
different times, namely the time of deposition of oxide facies 
CBIF and the time of deposition of SBIF. Large variation is 
observed in most of the elements, all trace elements (including 
REE) are relatively high in these rock types. The magnitude of 
Eu anomalies show variation. The signatures of hydrothermal 
processes are modified by those of the clastic processes. 
The volcanic rocks of the Kushtagi schist belt are of 
basaltic and rhyodacitic types. Basalts can be subdivided into 
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high and low MgO types. High MgO basalts show geochemical 
characters resembling to those of MORE. The dacitic rocks are 
characterized by geochemical parameters of the island arc 
volcanics. REE patterns of these two types are distinct from each 
other. High Mg basalts are depleted in REE with almost flat 
patterns. Dacites show differentiated patterns with slight 
negative Eu anomalies in some samples. It is proposed that the 
partial melting of the MORE has given rise to the rhyodacitic 
rocks. The melting is suggested to have taken place when the 
tensional regime was converted to compressional regime. 
REE and other geochemical characteristics of the EIF indicate 
that FeO and Si02 of the EIFs were added to ambient Archaean ocean 
at the AMOR. The Nd isotopic data from elsewhere has demonstrated 
that the main source of FeO of EIF is the hydrothermal and 
fumarolic activity at the vent sites on the MORE. Therefore 
existance of a MOR is evidenced by the REE patterns of the EIFs 
and Eu anomalies. This inference is further substantiated by 
interlayering of EIFs with the high Mg basalt which have 
geochemical parameters resembling with that of MORE. Subsquent 
deposition of sediments and volcanism related with the active 
plate margins and deformational patterns of greenstone belts 
indicate that the closure of the basins of greenstone belts as a 
whole and Kushtagi schist belt in particular is a subduction 
related phenomenon. The basin was probably initiated by opening of 
a rift. Spreading along a newly formed ocean along this rift-AMOR 
widened the basin. Hydrothermal solutions at this AMOR enriched 
the ocean water in FeO and SiO, moved towards the trailing edge 
due to thermal and chemical differences. The encounter of these 
solutions with oxygen, produced by photosynthesis, caused 
precipitation of oxides and hydroxides of iron below wave base and 
photic zone. FeO was precipitated to the extent of the 
availability of O2. Rest of it remained within the ocean 
reservoir. When again oxygen become available it was precipitated 
and layered with the rhyodacitic subduction related volcanic and 
sedimentary rocks. 
Thus the studies presented in previous pages help to identify 
two stages of the tectonic setting through which the BIFs and 
greenstone belts were formed. First stage was an opening and 
spreading of ocean, where extensive volcanism and hydrothermal 
fumarolic activity added large amount of FeO and Si02 to the ocean 
waters. The exit temperature of these hydrothermal water was 
probably very high so that higher quantity of FeO was dissolved. 
To explain the enormous quantity of Fe present in BIFs it is 
essential to assume that hydrothermal flux itself was very high at 
that time. Therefore large quantity of hydrothermal waters with 
higher amount of dissolved FeO was added to the Archaean oceans. 
To dissipate the higher heat flow of Archaean era a larger ridge 
length, faster creation and destruction of oceanic lithosphere is 
essential. Thus the combination of higher hydrothermal flux, its 
high exit temperature, larger ridge length and faster completion 
of Wilson Cycle explain not only the source of the constituents of 
BIF but also the tectonic setting and lithological assemblages of 
greenstone belts. The second stage was due to change in the 
direction of convection current. This resulted in the conversion 
of the basin from a spreading basin to a converging margin. At 
this time the turbidites and rhyodacites were formed. 
The supply of the O2 for the precipitation of ferrous iron to 
ferric state is not directly demonstrated by the field occurrence 
of stromatolite or the microbiota, as has been shown in case of 
Chitradurga and Sandur belts. However, there are significant bands 
of carbonate present in the viscinity of BIF which may contain 
stromatolites as some of them appear to be stratifera type but 
convincing forms and morphologies have not been discovered as yet. 
This process of biogenic supply of O2 is very much evidenced in 
the other greenstone belts of the DC and since Kushtagi schist 
belt is only a truncated arm of the original belt, it can be 
safely assumed that similar biogenic process might have supplied 
O2 for the BIF precipitation in the Kushtagi schist belt 
also. The banding of BIF is also related with the 
availability of O2. Seasonal variations in the rainfall and the 
suply of the clastic debris to the ocean margin where biogenic 
activity was taking place has affected the growth of bacteria 
and production of O2. During high rainfall, larger quantity 
of clastic debris was brought to the margin which hurried 
the algae and hence the organism and oxygen productivity was 
reduced. During this period, only silica precipitation 
continued and very little ferric-hydroxide was deposited. 
When rain fall reduced, the bacteria/algae emerged above the 
sedimentary layer, received more sunlight and produced more O2 
which reacted with FeO and hence iron rich layers were deposited. 
The production of O2 at the shallow shelf has created a 
partially layered ocean water mass. At depth and away from the 
margin the ocean water had higher amount of dissolved CO2. 
Primary precipitation and/or diagenetic reaction between Fe203 
and organic matter (degradation of organic carbon) resulted in 
the formation of interstitial siderite. It is proposed that 
formation of BIF is not a simple chemical process. Instead it is 
a result of combination of (1) hydrothermal activity, (2) 
terrigenous and volcaniclastic sedimentation (3) biogeochemical 
processes, (4) chemical precipitation and diagenetic 
reactions and (5) the physico-chemical conditions prevailing 
at the vent sites and depositional shelf. Mini plate model and 
faster completion of Wilson Cycle with shorter distance between the 
constructive and destructive margins, and the conversion of 
constructive margins to the destructive one are able to explain 
most of the above mentioned processes and the observations. 
The studies on the BIF and volcanic rocks of the Kushtagi schist 
belt lead to the following conclusions : 
* Iron, silica and the REE of the BIF were mainly provided by 
the hydrothermal solutions emplaced at the vent sites of 
the Archaean Mid Oceanic Ridges (AMOR). These hydrothermal 
solutions enriched in iron and silica were subsequently 
mixed with the ambient sea water. It is proposed that the 
hydrothermal flux of higher exit temperature was quite 
significantly elevated during Archaean. This higher 
quantity of hydrothermal flux was able to bring large 
quantity of dissolved FeO and Si02 to the ocean water. 
Due to thermal and chemical potential differences and 
upwelling, this FeO and SiO^  enriched ocean water was 
transported to the site of deposition in the shallow shelf 
region where it reacted with O^ resulting in the 
precipitation of iron oxide and hydroxide. Oxygen was most 
probably generated photosynthetically. 
On burial these oxides and hydroxides reacted with organic 
carbon of the bacteria and most probably the Fe-carbonates 
were produced by this diagenetic reaction. It is also 
possible that some of the Fe-carbonates were directly 
precipitated by reaction with atmospheric CO2 dissolved in 
the ocean water. 
Oxide facies BIFs were deposited below the wave base and 
photic zone at the shallow shelf regions of low 
organic productivity. 
During the deposition of BIF, terrigenous and volcaniclastic 
sedimentation also took place resulting in compositional 
variation in cherts, CBIF to SBIF and the shales. Deposition 
of the BIF of oxide facies is dependent on the supply of 
Oj, CO2 and C to various parts of the basin and on the 
compositional layering of the ocean with respect to the 
dissolved quantity of ©2 and CO2 • 
Petrological and geochemical data suggest that the BIF 
sequence in the Kushtagi schist belt is formed by an 
interaction of hydrothermal, biogenic-photosynthetic and 
sedimentary processes in a compositionally layered ocean. 
The banding of BIF is probably a result of seasonal changes 
in the availability of O2 and/or FeO-
A Mini plate model with shorter duration of the completion of 
Wilson Cycle, large ridge length, higher rate of generation 
and consumption of oceanic lithosphere is able to explain 
most of the observed facts of BIF and the greenstone belts. 
Late Archaean greenstone belts were initiated as a MOR 
related basins and were closed as subduction related 
active margins. 
